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PREFACE. 
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The  matter  of  this  book  consists,  in  essence,  of  the  lectures 
which  have  been  delivered  for  two  or  three  years  past  by 
Professor  D.  C.  Jackson  to  the  senior  and  graduate  students 
in  Electrical  Engineering  at  the  University  of  Wisconsin,  but 
Professor  J.  P.  Jackson,  of  the  Pennsylvania  State  College,  care- 
fully revised  and  extended  the  manuscript  before  it  was  sent 
to  the  printers.  The  method  carried  out  in  the  book  is  based 
on  the  self-evident  but  little  recognized  principle,  that  methods 
which  have  proved  best  in  teaching  other  branches  of  Engi- 
neering must  be  equally  advantageous  in  treating  Electrical 
subjects.  A  treatise  on  electro-magnetism  or  on  alternating 
currents  should  therefore  deal  with  its  subject  in  much  the 
same  way  that  thermodynamics  and  the  steam  engine,  hydrau- 
lics and  hydraulic  machinery,  or  the  theory  of  structures  are 
respectively  presented  in  the  best  works  on  those  subjects. 
The  startlingly  rapid  advances  which  have  been  made  in 
our  knowledge  of  the  phenomena  relating  to  electro- magnet- 
ism and  the  electric  current,  tend  to  confuse  the  best  teachers, 
and  doubtless  account  for  the  rather  superficial  methods  used 
in  many  colleges,  in  which  results  only  have  been  presented 
to  the  student  with  little  reference  to  reasons.  This  error 
is  ^^enerally  admitted,  and  it  is  hoped  that  this  work  may, 
by  furnishing  a  satisfactory  text-book,  aid  those  teachers  who 
desire  to  improve  their  methods. 


The  book  treats  of  the  fundamenial  phenomena  of  alternat- 
ing current's  a?  met  with  in  eDgineering  practice,  and.  poiots  out 
their  controlling  priQciple&  and  applications.  Descriptions  and 
illustrations  of  iiommercial  niachineTy  arc  not  included  per  a, 
since  they  wunl-l  be  little  more  than  repetitions  of  matter  which' 
is  available  in  ilic  cnrrent  technical  jouinals,  and  would  crowd! 
important  material  froni  the  book.  This  does  not  mean  tha^! 
practical  data  ate  excluded ;  on  the  contrary,  where  they  majH 
be  useful  in  illustrating  deductions  in  the  text,  they  are  co^^ 

ously  used,  selecti —  ' — ' —  ' Tnode  for  the  purpose  fron 

an  extensive  maa  '  which  is  original.     A  largi 

number  of  rcfcrei  given  in  foot-notes  for  tM 

fuller  information  lese  cover,  in  genera!,  thoS 

articles  which  ms  )rigina]  by  the  student  wi^ 

most  profit ;  e\o  is   on  polyphase  current] 

Here  the  list  oi  ;h  less  complete,  since  th 

subject  has  not  ;  7ught  out,  and  material  ( 

overshadowing  in  5  constantly  published,  S 

that  only  a  few  of  ,,..  ^  lost  substantial  importanci 

can  be  advantageously  cited.  A  number  of  excellent  articles 
have  lately  been  published  upon  polyphase  currents  but  at  too 
late  a  date  to  be  put  into  the  plates.  Whtre  articles  of 
importance  have  been  published  in  a  number  of  prominent 
American  and  foreign  technical  periodicals,  the  references 
have  usually  been  made  to  the  EUclrhal  World  and  the  Lon- 
don Ekclruian. 

Throughout  the  book,  occupation  of  space  by  the  descrip- 
tion of  classical  experiments  which  have  come  to  be  of  his- 
torical interest  only,  has  been  carefully  avoided,  except  where 
■  it  seems  desirable  to  trace  the  natural  development  of  know- 
ledge in  a  particularly  important  subject:  as,  for  instance,  the 
subjects  rcl.iting  to  the  tracing  of  alternating- current  curves, 
methods  of  measuring  inductances,  or  practice  in   the  paral- 
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lei  numing  of  alternators.  The  last  is  a  subject  of  much 
importance  at  the  present  time,  on  account  of  its  influence  on 
the  uniformity  of  the  service  given  from  alternating-current 
central  stations,  and  its  rapidly  increasing  adoption  either  for 
regular  operation  or  for  the  purpose  of  transferring  the  load 
from  generator  to  generator. 

Much  very  important  matter  which  heretofore  has  been  found 
only  in  technical  periodicals,  and  sometimes  has  been  unavail- 
able for  use,  is  to  be  found  in  this  book.     In  a  number  of  cases 
original  methods  have  been  introduced  to  gain  simple  paths  to 
results,  every  effort  being  made  to  present  a  full  physical  con- 
ception of  phenomena  to  the  reader's  mind.    The  mathematics 
used  are  merely  a  means  to  the  end,  and  are  by  no  means  to  be 
considered  from  any  other  standpoint.     In  this  respect  it  has 
been  sought  to  avoid  either  the  error  of  presenting  unneces- 
sary formulas  or  on  the  other  hand  of  giving  results  without 
reasons,  both  of  which  are  fatal  to  the  reader's  true  progress 
as  they  leave  him  with   no  true  physical  conception  of  the 
phenomena   studied.      Numerous  original   demonstrations   of 
the  standard  formulas,  which  it  is  thought  have  some  merit, 
have  been  introduced,  and  a  few  additions  have    been  made 
to  the  nomenclature.     The  most  important  of  the   latter  is 
the  introduction  of  the   term  active  to   represent   the  com- 
ponent  of  pressure  or  electromotive  force  in  phase  with  cur- 
rent, and  to  represent   the    working   component   of  current. 
'llie  introduction  of  this  term  removes  the  inconvenience,  of 
which  Professor  S.  P.  Thompson  bitterly  complains,  caused  by 
the  use  of  the  term  effective  in  the  formally  adopted  meaning 
of  Vmean*^. 

Where  the  volume  is  used  as  a  text-book,  and  time  for 
completing  the  full  course  is  not  available,  the  following 
chapters  may  be  omitted  without  interfering  with  the  conti- 
nuity of  the  subject:  Chapters  IV.,  X.,  XII.,  XIII.,  XIV.,  XV.. 


indchted    to    the    (IclightfuUy    lucid    expositio 
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hiTK.  —  Stu<lents  who  are  acquainted  with  the  methods  of  solving 
rential  ccjuations  may  pass  over  the  solution  of  the  equation 

L  L 

1  in  Section  24.  This  is  a  linear  equation  of  the  first  order,  and  its 
ion  may  be  written  down  at  once. 

udcnts  who  are  not  acquainted  with  the  elementary  principles  of 
)Iex  quantities  may  advantageously  read  Chapter  31  of  Van  Velzer 
?lichter's  Univenity  Algebra  before  entering  upon  Section  56. 
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CHAPTER  !• 

THE   ELECTRIC   PRESSURE    DEVELOPED    BY   ALTERNATORS. 

In  dealing  with  alternating  currents,  several  variables 
enter  into  the  problem  which  make  it  impossible  to  use, 
without  modification,  the  results  gained  in  the  study  of 
continuous  currents.  But  the  same  fundamental  laws 
control  the  phenomena  of  both,  and  if  care  is  taken 
to  apply  these  with  due  regard  to  the  limiting  condi- 
tions, it  will  be  found  that  the  subject  may  be  clearly 
grasped  and  be  reduced  almost  to  the  simplicity  of 
continuous-current  work.  In  many  particulars,  the 
design  of  alternating-current  machinery  varies  widely 
from  that  of  continuous-current  apparatus,  as  the  re- 
quirements are  materially  different,  though  in  the  mat- 
ter of  good  workmanship  and  substantial  construction 
there  is  no  difference  in  the  two  classes  of  machines. 

1.  Form  of  the  Pressure  Curve  of  an  Alternator.  — 
In  a  multiple-coil  continuous-current  armature,  if  5 
be  the  number  of  conductors,  yV„  the  useful  magnetic 
lines   of   force  passing  into  the   armature,  and   V  the 

B  I 
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Speed  in  rcvulutions  per  minute,  the  pressure  develope:<i 

^■"'^^  ^^  SKV  '  I 

io*x6o  " 

In  the  demonstration  in  Vol.  I.  it  has  been  assume*! 
that  the  magnetic  field  is  uniform,  which  is  by  no  raeair»s 
the  case  in  commercial  dynamos.  The  assumption,  ho'*?v- 
evcr,  simplifies  the  demonstration  without  introducir»g 
error  into  the  result,  as  will  now  be  shown. 

Suppose  the  F""''  '"'  "-'f-'-tly  uniform,  then  eac^h 
armature  conduc  les  of  force  at  the  iini- 

form  ratu  of  — -  )er  second.     It  the  field 

dt 
be  not  uniform,  will,  at  any  instant,  cut 

lines  of  force  at  which  will  be  variable, 

but   the   average  ich   is   evidently  — *— 

60 
Since  thu  conductors  i  ^.  ch  other  in  consecutive 

order,  and  the  sum  of  the  lines  cut  by  all  the  con- 
ductors at  each  instant  is  practically  uniform  through- 
out the  revolution,  the  total  electric  pressure  developed 
must  be  proportional  to  the  average  rate  of  cutting  by 
each  conductor  multiplied  by  the  number  of  conductors 
in  series.     Or,  as  above, 

£_   SN.V 
io*x6o 
In  the  case  of  alternating-current  dynamos  this  aver- 
aging  does   not   occur,   because    the   number  of   lines 
which  are  cut  at  each  instant  by  all  the  conductors  in 
series  is  variable.     Thus,  assume  that  in  Figs,  i  and  2   ' 
(reproduced  from  Fig.  36,  Vol.  I.),  the  field  is  altered  so 

•  Textbook,  VuL  1.  Chap.  4,  J 
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that  it  is  weakest  near  the  centre  ;  then  the  rate  of  cut- 
ting lines  no  longer  varies  as  a  sine  curve,  but  the  curve 


Fifif.  1 


FifiT.  2 


s  more  rapidly  in  its  lower  portions  and  does  not 
:h  as  great  a  maximum.    If  the  field  be  concentrated 
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towards  the  centre,  the  curve  becomes  higher  al  I 
centre,  but  does  not  rise  as  rapidly  in  its  lower  portio 
Figure  3  shows  the  curve  of.  electric  pressure  develop 
in  a  coil  which  revolves  in  a  field  of  the  same  tt 
number  of  lines  of  force  as  that  of  Figs.  1  and  2,  but 
which  the  induction  at  the  centre  is  50  per  cent  1 
than  the  average.  Figure  4  shows  a  similar  cu 
when  the  induction  at  the  centre  is  50  per  cent  grcs 
than  the  average.     In   each  case,  the  induction  b 


sumed  to  change  gradually  and  uniformly  from 
centre  to  the  edges.  In  all  cases  where  a  certain  ti 
number  of  lines  is  cut  per  revolution  by  a  coil  revolv 
at  constant  speed,  the  average  electric  pressure  rem; 
constant  regardless  of  the  magnetic  distribution,  but 
effective  pressure  (VavT?)  is  by  no  means  indopend 
of  the  distribution.  Taking  the  maximum  pressure 
the  sine  curve  shown  in  Fig.  2  as  the  unit,  the  avcn 
pressure  in  each  figure  is  —  =  .637  (see  p.  82,  Vol. 
The  effective  pressure  of  the  sine  curve  shown  in  Fi; 
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is  ^  =  .707.     The  maximum  pressures  shown  in  the 

V2 

curves  of  Figs.  3  and  4  are  .81  and  l5,  and  the  effective 
pressures  are  .58  and  .85.  If  the  field  were  distributed 
as  in  Fig.  5  (the  total  magnetization  remaining  constant), 


Pifif.  4 


the  maximum,  average,  and  effective  pressures  would  be 
equal  to  each  other  (Fig.  6),  and  of  a  numerical  value 
of  .637.  On  the  other  hand,  if  the  field  be  greatly  con- 
centrated towards  the  centre,  as  in  Fig.  7,  the  maximum 
pressure  is  very  great,  and  the  effective  pressure  is  con- 


Fig.  6 

Period  and  Freqaeocy  of  an  Alternating  Ct 
time  in  seconds,  T,  required  to  pass  tV 
lete  cycle  or  curve  is  called  the  Period  of 
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Electrical  Congress).  Usually  an  alternating  current 
or  pressure  is  designated  by  its  effective  value  and  fre- 
quency. It  is  quite  common,  however,  to  use  the  num- 
ber of  half-periods,  or  the  number  of  Alternations  in  a 
minute,  instead  of  the  frequency.  In  this  case,  the 
number  of  alternations  is  equal  to  2  x  60  x  the  fre- 
quency. Example :  a  current  with  a  frequency  of  100 
makes  i2,(XXD  alternations  per  minute.  The  term  Peri- 
odicity is  sometimes  used  for  frequency. 


FifiT.  7 

For  the  general  commercial  purposes  of  the  present 
day  the  frequency  of  alternating  currents  varies  widely, 
but  nearly  all  cases  fall  within  the  limits  of  40  and 
135  (4800  and  16,200  alternations  per  minute).  The 
majority  of  American  alternating-current  dynamos,  or 
Alternators,  give  a  frequency  of  between  120  and  135, 
but  in  Europe  a  somewhat  lower  frequency  is  more 
common,  and  a  frequency  of  60  is  coming  into  quite 
general  use  in  this  country.    The  rotation  of  a  coil  in  a 
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two-pole  field  gives  one  complete  period,  or  two  alterr 
tions,  for  each  revolution,  and  the  frequency  is  therefo 
equal  to  the  number  of  revolutions  per  second.  Sim 
the  armatures  of  two-pole  machines  would  be  require 
to  run  at  an  impracticable  speed  in  order  to  give  tb 
ordinary  crimmprHal  frpniipncies,  alternators  are  nearl 
always  ma  able  number  of  poles.    Th 

number  of  m  the  size  of  the  alternate 

and  other  i  lay  control  the  speed  of  th 

armature,  '.  may  be  said  to  vary  froi 

eight  upw:  my  of  the  alternators  l)ui 

in  the  Unil  en  designed  to  give  16,00 

alternations  i  speed  of  1600  revolutior 

per  minute,  and  ncncc .,  been  built  with  ten  pole 

The  frequency  which  is  produced  by  an  alternator  i 
cither  equal  to  one-sixtieth  of  the  product  of  the  nun 
ber  of  its  pairs  of  poles  and  the  speed  of  its  armatui 
in  revohitions  per  minute,  or  is  twice  as  great.  Th 
number  of  alternations  per  minute  is  equal  to  the  U- 
quency  multiplied  by  120,  as  shown  above. 

3.  Field  Ezcitation  of  Alternators.  —  As  an  altema 
ing  current  will  not  serve  to  magnetize  the  fields  1 
dynamos,  some  arrangement  for  obtaining  a  direct  cu 
rent  must  be  made  for  the  excitation  of  alternator 
This  may  be  done  either  by  comrautating  or  rectifyir 
all  or  a  part  of  the  alternating  current  produced  1 
the  machine,  or  a  small  auxiliary  continuous-curre 
dynamo  called  an  Exciter  may  be  supplied  for  the  pi 
pose.  Sometimes  the  exciter  is  mounted  on  the  be 
plate  of  the  alternator  (compare  Sect.  71). 

4.  Effective  Pressure.  —  Assuming  that  the  armatu 
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conductors  are  so  arranged  that  all  may  be  effective,  it 

is  seen  from  what  has  preceded  that  the  average  press- 

2  S'N  V{> 
ure  developed    by  an   alternator  is  — . — V^i   where 

i(r  X  60 
S  is  the  number  of  conductors  in  series,  N^  is  the 

number  of  lines  of  force  passing  through  the  arma- 
ture in  each  magnetic  circuit  (emanating  from  each 
pole),  and  p  is  the  number  of  pairs  of  poles.  If  the 
windings  of  the  armature  are  all  connected  up  in  series, 

as  is  common,  this  becomes      "/  '    %  where  5  is  the 

lo**  X  60 

number  of  conductors  on  the  armature.  From  p.  278, 
Vol  L,  it  is  seen  that  in  multipolar  continuous-current 
dynamos  with  series-path  armatures, 

E  =  -•?^-Z> . 
10**  X  60* 

Now,  assuming  two  machines,  one  producing  continuous 
currents  and    the  other  alternating  currents,  in  which 
^^  ^\y  V,p,  are  equal,  the  formulas  show  that  the  average 
electric  pressure  developed  in  the  alternator  armature 
with  its  conductors  all  in  scries  is  twice  that  developed 
in  the  continuous-current  armature  with  halves  in  par- 
allel.    The  effective  alternating  pressure   of   commer- 
cial machines  has  been  shown  to  be  usually  greater  than 
the  average  pressure.     Calling  the  ratio  of  effective  to 
average  pressure  k,  it  is  seen  that  the  effective  press- 
ure of  the  alternator  with  armature  conductors  all  in 
series  \s  2  k  times  that  of  the  continuous-current  ma- 
chine.    On  the  other  hand,  in  the  continuous-current 
armature  two  paths  exist  for  the  current  against  one 
in  the   alternator  armature.      Consequently,    the   out- 


...1^1  as   I  :  2.22,  and  the  outputs  , 
I  :  I.I  I.     The  wintiings  on  alternatoi 
:iuently   connected    so   that   the   two 
allcl,  instead  of  in  series,  in  which  cas 
^eloped  with  a  given  number  of  conduc 
:  the  current  capacity  is  at  the  same 
this  case  both  the  pressures  and  outpu 
iious-  and  alternating-current  machines  I 
I  :  i.ii.      The  value  of  k  in  commercia 
>ends  upon  the  ratio  which  the  width 
irs  to  the  pitch  (distance  between  polci 
itre)  and  upon  the  relative  arrangement 
s.     It  has  been  shown  (Sect,  i)  to  have 
it  of  unity  and  a  maximum  limit  which  i 
at.     In  commercial  machines  it  may  be 
lly  lie  between  about  i  and  1.25. 
.   The  Effect  of  Differential  Action  by  tl 
Ittctors.  —  It  is  now  well  to  examine 

»  of  the  two  armatures  compared  abo 

t  of  the  arraneremo-*- 
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uous-current  armature,  such  as  a  Gramme  ring,  and  con- 
nected to  armature  conductors  which  are  in  opposite 
coils,  an  alternating  current  may  be  taken  from  the 
rings.    The  electric  pressure  between  the  rings  has  its 
maximum  when  the  conductors  connected  to  the  rings 
are  under  the  points  of  commutation,  and  the  pressure 
is  zero  when  the  armature  has  revolved  90°  (compare 
Vol.  L,  p.  90).     (In  the  case  of  a  narrow  coil,  the  latter 
point  is  the  point  of  maximum  pressure)    The  maximum 
of  the  alternating  pressure  must  be  equal  to  the  con- 
tinuous pressure  for  which  the  armature  was  designed, 
and  the  effective  alternating  pressure  is  .707  times  the 
continuous  pressure  if  the  field  is  uniform.     In  com- 
mercial machines  the  field  is  not  uniform,  but  it  is  not 
likely  to  be  sufficiently  irregular  to  materially  disturb 
the  ratio  of  the  continuous  and   effective  alternating 
pressures  when  the  armature  is  carrying  little  current. 
When  the  armature  carries  considerable  current,  arma- 
ture reactions   may  disturb  the  relations  to  a  greater 
or  less  degree.     An  armature  thus  arranged,  with  the 
conductors  uniformly  distributed  over  its  surface,  gives 
a  sine  alternating  current.     The  value  of  k  is  therefore 
I.I  I ;  but  the  effective  alternating  pressure  is  only  .707 
times  that  of  the  continuous  pressure  developed  by  the 
same  conductors.      The  question  at  once  arises  as  to 
the  cause  of  this  loss  of  40  per  cent  or  more.     A  little 
consideration  shows  that  the  Gramme  ring  acts  like  two 
broad  coils  in  parallel,  which  cover  the  whole  armature 
and  unite  at  the  points  where  the  collecting  rings  are 
connected.     When    in    the   position    of    zero    pressure 
th^  two  halves  of  each  coil  are  so  located  in  the  field 
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as  to  cut  lines  in  opposite  directions,  and  hence  the 
pressure  is  zero.  Similar  differential  action  is  found 
when  the  coils  cover  only  a  portion  of  the  armature,  the 
extent  of  the  effect  depending  upon  the  ratio  of  the 
width  and  pitch  of  the  poles  to  the  width  of  the  coils. 
It  is  almost  entirely  avoided  if  the  coils  are  never  wider 
than  the  distance  between  the  pole  tips.  On  account 
of  this  difEerential  action,  it  is  necessary  to  include 
another  cnnstant  in  the  formula  for  the  electric  press- 
ure developed  by  alternating-current  armatures.  Call- 
ing this  constant  k' ,  and  replacing  the  product  k'h  by 

A',  the  formula  becomes  E= j — V-^-    Kapp  states 

that  K  varies  from  .29  to  1.15,"  but  in  the  grealo 
numb^^r  oi  commercial  cases  it  is  between  i.oo  and 
I. II. 

The  output  of  an  alternator  is  proportional  to  tht 
product  5/V„  =  swbiu' ,  where  s  is  the  number  of  conduct 
ors  per  unit  width  of  coil,  b  the  number  of  lines  0 
force  per  unit  width  of  pole  face,  and  w  and  w/  an 
respectively  the  widths  of  coil  and  pole  face.  In  orde 
to  economize  material,  the  distance  between  pole  tip 
may  be  taken  as  equal  to  the  width  of  coil,  and  thi 
makes  w  +  iv'  equal  to  the  pitch  of  the  poles,  which  i 
constant ;  this  makes  the  product  lorc',  and  hence  th 
output  of  the  machine,  a  maximum  when  iw  is  equal  t 
If',  or  when  the  width  of  coil  and  pole  face  are  eac 
equal  to  half  the  pitch.  The  result  thus  derived  mu: 
be  modified  to  suit  practical  conditions,  since  fringir 
tends  to  increase  the  width  of  field,  and  armature  rca 

•  Kapp's  Dynamo>,  AtUraaton,  and  rr.„„jm«urs,  [,.  374. 
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tions  tend  to  crowd  the  field  towards  the  trailing  pole 
tip,  thus  narrowing  the  field.  Experiment  has  shown 
that  it  is  best  to  have  the  coils  somewhat  wider  than 
half  the  pitch,  and  it  is  often  advantageous  to  have  the 
poles  of  slightly  less  width.* 

6.  Relative  Dimensions  of  Continuous-  and  Alternating- 
Ctinent  Dynamos.  —  From  this  discussion  it  is  seen  that 
only  about  one-half  the  surface  of  alternator  armatures 
should  be  covered  with  wire,  so  that  the  construction 
is  quite  different  from  that  of  continuous-current  arma- 
tures. With  a  fixed  size  of  armature  and  depth  of 
winding  it  is  apparent  that  an  alternating-current  arma- 
ture will  carry  only  about  half  as  much  wire  as  is  carried 
by  a  similar  continuous-current  armature.  In  order  to 
gain  an  equal  output  from  the  machines,  it  is  therefore 
necessary  to  increase  either  the  size  of  the  alternator 
armature  or  its  speed.  Both  of  these  devices  are  used 
in  common  practice,  and  it  is  not  unusual  for  an  alter- 
nator armature  to  be  run  at  a  surface  speed  upwards  of 
7000  feet  per  minute.  The  attached  table  shows,  to 
some  degree,  how  far  the  effect  of  the  difference  in  the 
lengths  of  the  wire  on  the  armatures  is  overcome  in 
practice.  In  the  comparison,  it  must  be  remembered 
that  the  induction  in  the  alternator  is  usually  considera- 
bly less  than  that  in  continuous-current  machines  (com- 
pare Sect.  61). 


•  Compare    Elihu  Thomson  in  Proc,  Institution  of  Civil  Engineers, 
V0L97,  p.  '<^'- 
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CHAPTER   II. 

ARMATURE   WINDINGS    FOR    ALTERNATORS. 

7.  Classification  of  Armatures.  —  Referring  to  page 
93  of  Volume  I.  it  will  be  seen  that  dynamo  armatures 
are  classified  under  three  divisions  : 

1.  Where  a  wire  cuts  lines  of  force  by  moving  across 
them,  as  in  the  case  of  a  slider  or  of  a  wire  moving 
around  a  magnet  pole. 

2.  Where  a  coil,  or  set  of  coils,  is  moved  parallel  to 
itself,  or  nearly  so,  between  points  of  different  field 
strength. 

3.  Where  a  coil,  or  set  of  coils,  is  wound  on  a  ring 
or  drum  and  given  a  rotary  motion  in  a  fixed  magnetic 
field. 

The  first  division  includes  only  the  so-called  unipolar 
armatures,  and  requires  no  treatment  here.  Alternator 
armatures  are  in  general  classed  in  the  second  division. 

It  is  not  uncommon  for  the  field  to  move  instead  of 
the  armature,  and  in  some  cases  neither  the  armature 
nor  field  coils  move,  but  the  induction  through  the 
former  is  varied  by  the  revolution  of  iron  Inductors. 
Where  the  field  rotates,  or  the  variation  of  the  indue 
tion  is  effected  by  moving  inductors,  the  electric  press- 
ure generated  in  the  armature  windings  is  produced 
in  exactly  the  same  manner  as  if  they  moved,  and 
such  armatures  therefore  belong  to  the  second  division. 
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The  construction  of  the  machines  thus  enumerated 
requires  an  additional  classification  into  : 

1.  Alternators  with  moving  armatures. 

2.  Alternators  with  moving  Fields. 

3.  Inductor  alternators. 

The  armat  rs  belonging  to  the  fii* 

and  second  0  nay,  for  convenience,  be 

divided  into  d 

1.  Drum  ar  3,    Disc  armatures. 

2.  Kin^  an  4.    Pole  armatures.  I 

8.  Drum  Arm  n-wound  alternator  arma' j 

tures  are  always  cnora-w>„ {sec  p.  373,  Vol.  I.),    I** 

two-path  chord-wound  continuous-current  drum  arma-" 
tures,  the  individual  turns  of  each  armature  sectiof* 
cross  each  other  on  the  heads  in  very  much  the  sam^ 
way  as  in  armatures  for  two-pole  machines  (Fig.  8)- 
An  exactly  similar  arrangement  may  be  used  in  wind" 
ing  alternating-current  armatures,  but  the  armature 
surface  is  not  entirely  covered  with  wire  (Fig.  9)- 
Since  either  the  whole  or  one-half  of  the  armature  wir^ 
is  connected  permanently  in  series  and  only  the  ends  oC 
the  windings  are  carried  to  collecting  rings,  there  is  no* 
advantage  to  be  gained  by  permitting  the  wires  to 
cross  each  other  in  alternator  armatures.  The  crossing 
of  the  wires,  on  the  other  hand,  presents  a  positive 
disadvantage  by  iucreasing  the  difficulty  of  satisfac- 
tordy  insulating  them.  This  is  particularly  marked 
on  account  of  the  high  pressures  for  which  alternat- 
ors  are   commonly  built.      The   winding  of   alternator 
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ably  called  undnlatory  winding  after  Fritschc,*  or 
better  still,  Continuous  Winding.  The  same  result  may 
evidently  be  obtained  by  turning  the  wires  back  at  the 


S 
f^ 


ends  of  the  armature  core  so  that  they  form  isolated 
coils  (F'ig.  11),  and  then  properly  connecting  the  coils. 
When  there  are  as  many  coils  as  poles,  alternate  coils 


♦  Fritsche's  Die  GleichUrom  Dynamomachiiu^  p.  43. 
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are  moving  at  any  instant  under  poles  of  opposite  signs, 
and  the  electric  pressures  developed  in  them  are  in 
opposite  directions.  They  must  therefore  be  so  con- 
nected that  they  are  alternately  right-  and  left-handed 
(Figs  1 1  and  12) ;  and  likewise  when  there  are  half  as 
many  coils  as  poles,  the  coils  must  all  be  connected  in 
the  same  di  and  12a).     This  arrange 
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ment  may  be  called  Coil  Winding,  or,  after  E.  Arnold 

and  S.  P,  Thompson, t  Loof  Winding  or  Lap  Winding. 

As  already  stated  (Sect.  4),  alternator  armatures  ai 

frequently  connected  with  the  two  halves  of  the  wim 

•  Dit  Aiiiti-wifielurtxen  drr  GUithilrnni-  Dyaamomaikintn,  p.  13. 
t  Dynamo- Eltilric  Machinery,  4tli  cd.,  p.  314. 
I  For   numerous   diagrams   of  alletiiator   windings   see   Parshall   ai 
Hobart's  Armature  Windings,  Chap-  '2. 
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ings  in  parallel.  In  this  case,  the  coils  must  be  con- 
nected in  each  half  so  that  they  are  alternately  right- 
and  left-handed,  but  where  the  halves  join,  both  the 
coils  must  be  either  right-  or  left-handed  (Fig.  13). 
When  the  coils  are  all  connected  in  series,  the  first 
and  last  coils  lie  side  by  side ;  consequently  in  arma- 
tures built  for  high  pressures  a  severe  strain  is  thrown 
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Dpon  the  insulation  separating  them.  When  the  halves 
of  the  armature  are  connected  in  parallel,  the  first  and 
last  coils  lie  on  opposite  sides  of  the  armature,  and 
effective  insulation  is  therefore  less  difficult  of  attain- 
ment. In  this  case,  the  pressure  between  adjacent  coils 
cannot  be  greater  than  the  total  pressure  divided  by 
half  the  number  of  coils.      When  the  coils  are  all  in 
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3.  exoGpt-  \ 


scrips  iht,-  pressure  between  any  adjacent  coih,  e 
injj  hrtwcen  the  two  end  coils,  is  equal  to  the  totd ' 
pressure  divided  by  the  total  number  of  coils.  \Vheti 
an  altiTiKilor  armature  is  connected  with  its  halves  in 
parallel,  every  precaution  must  be  taken  to  make  ttit 
pressures  d — ' — -*  ■"  *^"  ^wo  halves  equal  at  every 
instant;  ()[!■  nger  of  one  portion  of  th' 

armature  ov  other,  exactly  as  is  som^ 


I 
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times  the  case  in  multipolar  continuous-current  arm- 
tares  (Vol.  I„  p.  275)- 

The  armature  conductors  may  lie  upon  the  surface  c 
the  core  or  be  imbedded  below  it.  Where  toothed  core 
arc  used,  the  teeth  are  equal  in  number  to  the  numbe 
of  coils,  and  the  armature  approaches  the  fourth  clas 
or  pole  type.  Toothing  increases  armature  reaction 
and  self-inductance,  thus  interfering  with  regulatior 
but  it  is  in  general  quite  advantageous  and  is  corain 
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:enenil  use  by  the  better  class  of  manufacturers 
ect.  II). 

:  coils  for  alternator  drum  armatures  are  ordinarily 
1  on  formers  and  then  fastened  upon  the  arma- 
after  having  been  well  insulated.  Where  surface 
:igs  are  used,  the  coils  are  frequently  arranged  to 
down  over  the  ends  of  the  core,  as  in  Fig.  14, 
:  they  are  securely  fastened  by  end  plates,  or  blocks 
■od  or  fibre.     It  is  usual  to  fill  the  spaces  in  the 


Fig.  14 

■s  of  the  coils  with  wood  blocks,  which  are  screwed 
cores  or  are  held  by  the  binding  wires.  (Exam- 
Westinyhouse  and  National  alternators.)  In  some 
les  the  coils  are  flat,  or  pancake-like,  and  of  the 
length  as  the  armature  core.  In  this  case  they 
d  upon  the  cylindrical  surface  of  the  armature 
id  securely  bound  with  wire  bands.  (E.xamples: 
ion-Houston  and  Elwell Parker  alternators.)  The 
eriphery  velocities  of  alternator  armatures  make 
bands   essential    to  the   preservation  of   surface 
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windings,  am!  all  blocking  must  be  securely  fastened. 
The  wood  blocks  which  fill  the  centre  of  the  coils  make 
excellent  driving  teeth,  and  therefore  serve  a  good  pUP 
pose.  When  imbedded  coils  are  used,  they  may  be 
made  upon  formers  (lathe-wound),  and  then  applied  W 
the  corf,  or  the  conductors  may  be  threaded  through  the 
grooves,  which  are  well  insulated.  When  the  core  teeth 
are  T-sh:ipcd,  the  coils  may  be  wound  of  sufficient 
width  to  slip  over  the  head,  and  when  in  place  they 
may  be  narrowed  by  squeezing.  The  coils  for  this  pur- 
pose must  be  wound  with  ends  of  such  shape  that  they 


will  bend  without  injury,  as  is  shown,  for  example,  in 
Fig.  15.  Lathe-wound  coils  are  of  decided  advantage 
for  armatures  designed  for  high  pressures,  as  their  insu- 
lation may  be  made  particularly  safe.  Such  coils  are 
usually  served  with  layers  of  japanned  canvas,  fuller  or 
press  board,  vulcanized  fibre,  and  mica.  The  slots 
between  the  core  teeth  may  be  made  of  sufficient  area 
to  permit  the  use  of  any  desirable  thickness  of  insula- 
tion, and  the  teeth  make  a  very  complete  mechanical 
protection  for  the  coils.    Toothed  armatures  with  lathe- 
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wound  coils  should  therefore  be  thoroughly  reliable.     If 

the  magnetic  surface  of  the  armature  is  fairly  complete, 

the  wires   are  protected  from  magnetic  drag  (p.  153, 

Vol.  I.),  which  decreases  the  chances  of  the  conductors 

chafing  and  therefore  injuring  the  insulation. 

9.  Ring  Armatures.  —  Ring-wound  alternator  arma- 
tures were  early  used  with  commercial  success,  and 
some  of  the  old  Magneto  Machines  of  the  De  Meritens 
type  with  permanent  field  magnets  and  ring  armatures 
are  still  in  operation.  The  invention  of  the  ring  arma- 
ture for  alternating-current  machines  is  usually  ascribed 


FifiT.  16 

to  either  Gramme  or  Wilde,  who  independently  patented 
the  form  in  France  and  England  in  1878.  In  Amer- 
ica, ring  armatures  have  not  been  viewed  with  as  great 
favor  as  have  drum  armatures,  probably  on  account  of 
the  smaller  mechanical  stability  in  the  ring  and  the 
greater  self-induction  in  its  windings.  As  in  drum 
armatures,  the  coils  of  ring-alternator  armatures  must 
be  connected  alternately  right-handed  and  left-handed 
(Fig.  16).  The  ring  may  be  arranged  so  that  the  field- 
magnets  surround  it,  as  in  Fig.  16;  so  that  it  surrounds 
the  fields,  as  in  Fig.  17,  in  which  case  the  latter  usually 
revolve  (examples:  Gramme  and  Siemens  &  Ilalske  al- 
ternators); or  with  the  field  poles  as  a  crown  upon  both 


.....ics  nuist  rc(}uirc  more  wire  t 
^  for  a  L^^iven  output,  other  things  b( 
jfore  they  must  have  greater  self-ind 
banical  arrangement  of  surface-wounc 
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,  more  secure  on  the  ring,  but  the  ad^ 

winding  cannot  be  secured.     The  pos 

aratively  slow  speed  of  revolution  wh 

1  by  the  ring  has   commended  it  to  <= 

ind  English  buildf^i 


Tc 
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1  dynamo.  This  was  originally  devised  as  early  as  1849, 
\  but  was  not  developed  into  commercial  form  until  after 
\  i860.  In  1867  Wilde  built  an  alternator  with  electro- 
magnets and  a  disc  armature.  Since  that  time  the  disc 
armature  has  received  much  attention  in  Europe  and 
England,  and  has  been  an  element  of  many  successful 
machines.  (Examples:  Siemens,  Ferranti,  and  Mordey 
:.  ul  iilteniators.)  The  disc  has  received  less  attention  in 
is,  i>I  America  than  it  deserves,  and  is  here  represented  by 
but  few  machines  that  arc  in  commercial  service.  This 
may  be  partially  due  to  the  essential  peculiarity  of  the 
disc,  which  admits  of  no  iron  core,  and  is  therefore  diffi- 
cult to  build  in  a  substantial  and  workmanlike  manner. 
That  this  difficulty  can  be  overcome  is  shown  by  the 
success  of  foreign  alternators  with  disc  armatures.  Disc 
annatures  may  be  wound  either  with  coils  or  with  con- 
tinuous windings,  as  shown  in  Fig.  18.  Either  the 
annature  or  the  field  may  revolve.  (E.xamples :  Ferranti 
alternator,  Mordey  alternator.  Brush  alternator.)  The 
absence  of  iron  in  disc  armatures  reduces  the  losses  due 
lo  hysteresis  and  foucault  currents  to  a  minimum,  but 
il  is  likely  to  require  an  increase  in  the  depth  of  the 
air  gap.  Hence  a  greater  magnetizing  current  is  likely 
to  be  required,  or  many  turns  must  be  placed  upon  the 
annature.  That  this  difficulty  also  can  be  overcome  is 
shown  by  the  small  amount  of  energy  required  to  mag- 
netize the  Mordey  alternators.  In  a  75-kilowatt  ma- 
chine of  this  type,  the  C^R  loss  in  the  armature  is  2.3 
percent  and  in  the  field  1.5  percent,  which  compares 
favorably  with  continuous-current  machines  (see  Vol.  I., 
pp,   108  and   138).     The  curve  of  electric  pressure  in 
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disc  armatures  is,  in  general,  quite  near  to  that  o 
sine  function.  The  first  experimental  dcterminatior 
the  form  of  the  curve  was  made  in  1880  by  Joub 
who  experimented  upon  a  Siemens  machine  havini 
disc  armature.  The  curve  proved  to  be  practical! 
sinusoid.  This  is  also  true  of  the  curve  of  press 
developed  by  a  Mordey  alternator.     In  iron-cored 
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chines,  armature  reactions  have  a  more  apparent 
torting  effect  and  therefore  modify  the  form  of 
curve  (sometimes  to  a  considerable  degree).  The  ' 
ation  is  usually  not  great  in  surface-wound  machi 
but  when  imbedded  armature  conductors  are  used, 
curves  deviate  widely  from  a  sinusoid  and  someti 
become  quite  irregular. 

11.    Pole   Armatures.  —  As  already   stated   (Sect, 
there  is,  in  general,  no  distinct  division  between 
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armatures  and  drum  armatures  with  imbedded  con- 
ductors. In  order  to  avoid  foucault  currents  in  the 
pole  pieces,  and  sharp  corners  in  the  curves  of  arma- 
ture pressure,  precautions  must  be  taken  to  make  the 
magnetic  surface  of  toothed  armatures  uniform,  exactly 
as  is  done  in  the  case  of  toothed  continuous-current 


armature  cores  (Vol.  I,,  p.  154).  If  this  is  not  done, 
it  is  necessary  to  thoroughly  laminate  the  field  mag- 
nets, since  the  fluctuations  of  the  induction  in  the 
pole  pieces,  and  sometimes  in  the  whole  magnetic  cir- 
cuit, are  likely  to  become  very  much  greater  and  more 
rapid  than  ever  occurs  in  continuous-current  machines. 
(Example  :  Ganz  alternator.)  This  ordinarily  entails  an 
excessive  expense,  but  in  the  Ganz  alternator  the  use 
of  segmental  punchings   for   both   field  and   armature 
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(Fig.  19)  probably  reduces  the  extra  cost  of  the  con- 
struction to  some  extent.  The  effect  of  a  unifono 
reluctance  in  the  magnetic  circuit  may  be  gained  by 
placing  narrow,  deep  armature  coils  in  grooves  as 
shown  in  Fig.  20.  (Example :  Giilcher  alternator) 
This  is  similar  in  many  respects  to  the  earliest  alter 


nator  in  which  the  pole  type  of  armature  was  used, 
which  was  built  by  Lontin  without  provision  being 
made  to  secure  an  unvarying  reluctance.  If  the  pole 
pieces  of  both  field  and  armature  are  made  wide  and 
quite  close  together,  the  changes  in  the  reluctance  of 
the  magnetic  circuit  probably  may  be  reduced  so  as 
to  be  practically  negligible  (example :  Hopkinson  alter- 
nator),  but   armature  reactions  and  magnetic   leakage 


fhich  carries  either  the  field  or  the  armature  wind- 
3ust  be  arranged  to  revolve.     In  some  cases  where 
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makes  essential  the  use  of  some  means  for  convey' 
ing  the  current  to  and  from  the  revolving  coils.  In  either 
case,  no  commutation  is  required,  and  therefore  plain, 
insulated  Collecting  Rings  serve  the  purpose  when  they 
are  properly  mounted  on  the  shaft  so  that  brushes  may 
be  arranged  to  bear  acainsl  them,  These  rings,  often 
called  Collet  made  of  copper  or  bronze. 


Instead  of  brushes,  the  collection  may  be  effected  b 
means  of  flexible,  weighted  co|)per  bands  hung  over  th 
rings  or  by  similar  arrangements  (Fig.  22).  By  the  la 
ter  construction  a  large  collecting  area  may  be  gaine 
without  unduly  increasing  the  width  of  the  rings.  Th 
current  collected,  per  square  inch  of  collecting  contac 
usually  varies  between  loo  and  500  amperes.  The  sal 
limit  is  fixed  by  heating  alone,  and  therefore  may  t 
quite  large  without  danger.  If  mechanical  consider 
tions  required  it,  doubtless  more  than  500  amperes  p( 
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e  inch  of  contact  might  be  satisfactorily  collected. 
s  such  extreme  cases  do  not  often  arise,  it  is  not 
ally  advisable  to  exceed  200  amperes  per  square 


Enductor  Alternators.  —  The  windings  of  inductor 
lators  may  be  made  entirely  stationary,  thus  avoid- 
oUccting  devices.  (Examples :  Stanley  and  War- 
Jtemators.)  These  devices,  however,  are  of  so 
expense  in  construction  and  material  that  there 
larked  advantage  in  suppressing  them,  and  the 
1  and  magnetic  difficulties  encountered  in  ihi 
1  confitruclion  of  inductor  alternators  has  no 
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it  of  constant  reluctance,  but  in  the  latter  the  iron  in 
i  fields  has  been  reduced  to  the  minimum  bulk.  Each 
these  forms  gains  some  economy  in  construction  by 
iting  the  coils.  (Examples :  Stanley,  Royal,  and  War- 
a  alternators. ) 


In  Ihc  Stanley  and  Warren  alternators  lines  of  force 
;  caused  by  the  motion  of  the  inductor  to  sweep 
Toss  the  armature  coils,  while  the  total  magnetism  in 
;  inductor  remains  fairly  constant.  The  field  wind- 
is  embrace  the  inductor  core,  and  the  machines  are 
:  true  inductor  alternators  but  would  be  properly 
ssificd  as  machines  having  drum  armatures  and  field 
gnets  of  a  modified  Mordey  type. 
i.  Armature  Insulating  and  Core  Materials.  — Before 
conductors  are  placed  on   an  armature  core  it   is 
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usual  Id  insulate  it,  very  much  as  in  the  case  of  s 
contin\]uus-cuiTcnt  armature  (Vol.  I.,  p.  104),  but  mo" 
thoroiiNhly  on  account  of  the  high  pressures  usually 
prodiid-il  in  alternator  armatures.  For  this  purpi** 
mica,  niir:initc,  mica  cloth,  shellacked  canvas,  Wlt^ 
board,  uHcd  Daoer.  sheets  of  vulcanite,  vulcabcstnO' 
vulcani/L-d  ir  insulating  materials  af* 


cr^^ 

^ 

^^ 

' 

B 

used. 
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Mica,  micanite,  vulcanite,  vulcabcston,  bonsilaC 


vulcanized  fibro,  asbestos  paper,  and  similar  materia 
are  also  used  to  insulate  collecting  rings  and  bru* 
holders,  and  for  insulation  between  tlie  armature  coil 
The  wire  used  for  high-pressure  alternator  armatures 
often  triple-cotton  covered,  and  is  thoroughly  japann£ 
during  the  process  of  winding.  Vulcanized  fibre  is  mac 
from  paper  fibre  by  a  chemical  process  and  is  furnishe 
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\xi  sheets  and  tubes.  Its  convenient  form,  cheapness, 
and  ease  of  working  have  brought  it  into  extensive  use. 
It  unfortunately  absorbs  moisture  when  exposed  to  the 
air,  which  causes  it  to  expand  and  contract  to  a  remark- 
able degree.  The  moisture  also  reduces  its  insulating 
qualities  to  a  large  degree.  It  is  therefore  unsafe  to 
place  entire  reliance  upon  it  where  continuously  high 
insulation  is  required.  Of  the  various  available  insulat- 
ing materials,  mica  is  the  only  thoroughly  reliable  one. 
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but  it  is  unduly  expensive  and  of  poor  mechanical  qual- 
ities. On  the  latter  account  it  is  generally  used  in  com- 
bination with  other  materials.  When  made  up  in  the 
form  of  micanite  by  treating  with  varnish  and  subjecting 
to  high  pressure  and  heat,  its  mechanical  qualities  are 
somewhat  improved,  and  it  may  be  formed  into  sheets 
and  tubes  or  moulded  as  desired.*  Materials  such  as 
\TiIcabeston  and  bonsilate  are  advantageous  for  insulat- 
ing collector  rings  and  similar  details,  since  they  can  be 
moulded  into  any  desired  form.    Vulcabeston,  which  is  a 


♦  Trans.  Amer.  Inst.  E.  K.,  Vol.  9,  p.  798. 
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compour  I  containing  rubber  and  asbcslus,  is  also  m 
factured  n  sheets  and  has  quite  satisfactory  mechai 
and  dec  rical  properties.  Bonsilate  is  not  sufficie 
touf^h  foi  very  general  service.  Boxwood  and  paraft 
maple  or  mahogany  are  frequently  used  for  insula 
where  co  isiderabte  bulk  is  required  and  their  meet 
cal  props  ugh,  as  they  are  liable  t 

more  or  le  surrounding  conditio 

humidity  cd  with  care. 

The   ai  misclves   may   be   madi 

punched  jnchings  of   special  sha 

iron  wire,  American  machines  the 

of  discs  i  (Kxamplcs  :  General  I 

trie  and  Wcstingh 
machines.)  The  1* 
machines   have  arma 


cs  made  of  iron  ta 
i  Special  punchings 
used  in  machines  r 
by  Ganz  &  Co.  (Fig. 
Siemens  &  Halske,  Giilcher,  Elwell  &  I'arker,  and  c 
foreign  manufacturers,  although  foreign  manufacti 
also  use  punched  discs  to  some  extent.  In  the  la 
sizes  of  American  machines,  which  are  built  for 
low  speeds  to  connect  directly  to  steam  engines, 
therefore  have  armatures  of  large  diameters,  the  i 
are  usually  built  up  out  of  segmental  punchings 
together  in  such  a  way  that  the  segments  of  alter 
layers  break  joints  (Fig.  27). 


•  Kapp-i  iij'H, 
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CHAPTER   III. 

SELF-INDUCTION    AND   CAPACITY. 

15.  Self-induction.  —  Before  proceeding  with  the 
development  of  alternator  design,  it  is  essential  to 
discuss  the  relation  which  exists  between  electric 
pressures  and  currents  in  a  circuit  which  carries  an 
:  alternating  current.  It  is  to  be  remembered  that  the 
current  produced  by  cutting  lines  of  force  sets  up  in 
turn  magnetic  lines,  which  are  in  opposition  to  the 
original  field.  Again,  when  a  current  is  introduced 
into  a  circuit,  it  produces  a  magnetic  field  the  rise  of 
which  causes  a  counter  electric  pressure.  These  condi- 
tions are  necessary  under  the  law  of  conservation  of 
energy  and  its  corollary,  Lenz's  Law  (see  Vol.  I.,  p.  ^^), 
This  counter  electric  pressure  is  called  the  Electric 
Pressure  or  Electromotive  Force  of  Self-induction,  and 
the  phenomenon  as  a  whole  is  called  Self-induction. 
Therefore  self-induction  may  be  defined  as  the  inherent 
quality  of  electric  currents  which  tends  to  impede  the 
introduction,  variation,  or  extinction  of  an  electric  cur- 
rent passing  through  an  electric  circuit.  The  electric 
pressure  in  a  circuit  which  is  due  at  any  instant  to  self- 
induction  is  evidently  proportional  to  the  rate  of  change 
of  the  magnetization  set  up  by  the  current  of  the  circuit ; 
therefore,  magnetic  reluctance  remaining  constant,  the 
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electric  pressure  of  self-incli 
rate  of  change  of  current  i 
again  proportional  to  the 
neous  pressure  producing 
which  is  effective  in  prodi 
the  Active  Pr  ""    '""* 

which  is  Im 
called  thu  In 
active  pressui 
between  corr« 
pressed   press 


uction  is  proportional  to  the 

I  the  circuit,  which  make!  it 

'ate  of  change  of  instants- 

The  pressure 


the  { 


ig  current  may  be  ealleil 
uish  it  from  the  pressure 
e  circuit.  The  latter  is 
.  It  is  evident  that  the 
is  equal  to  the  difference 
laiieous  values  of  the  irH' 
counter  pressure. 


corresponding  instantaneous  current  in  the  circuit  i& 
given  by  Ohm's  law,  c  =  -,  where  c  and  c  are  instan 
taneous  current  and  pressure  in  amperes  and  volts,  anC 
^  is  the  resistance  of  the  circuit  in  ohms.  A  littltf 
consideration  will  show  that  the  Phase  of  the  electric 
pressure  of  self-induction  is  not  in  unison  with  that  ori 
the  current,  although  their  periods  are  the  same;  be- 
cause, the  counter  pressure  is  proportional  to  the  rate  ol 
change  of  magnetism  caused  by  the  current,  and,  sup- 
posing the  current  to  be  an  alternating  one,  its  rate  ot 
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is  zero  when  it  is  a  maximum,  and  the  pressure 
-induction  is  therefore  zero  at  the  same  time, 
the  curve  of  current  is  a  sinusoid,  the  rate  of 

of  its  ordinates  at  any  point  is  proportional  to 

)      cos  a^a  sin(a— QO°)^/a     ,,  ., 

-  = = ^ — ^    ^ —    Hence  the  curve 

(it  dt 

Iter  electric  pressure  is  a  sinusoid,  the  phase  of 

lags  90°  behind  the  phase  of  the  current,  and 

•re   of   the   active   pressure.      Suppose   the   line 


E.-2n-/LC 


27r/L 


\^.  28)  represents  the  maximum  value  of  the 
pressure.  If  the  line  be  uniformly  rotated 
the  point  Oy  its  end  C  describes  a  circle  and 
:ical  projection  a  simple  harmonic  motion.  At 
istant  the  vertical  projection  of  the  line  pro- 
ally  represents  the  magnitutle  of  the  instanta- 
active  pressure  corresponding  to  the  angular 
z  of  the  line.  Tht'  }>rojcction  of  the  line  OD, 
s  90°  behind  OC^  likewise  represents  the  instan- 


,    ....^.1    iicuc    been    assii 
:i()nal   to   nuiximuni   values  ot    picssur 
c  values  of  the  pressures  hold  the  sai 
iach  effective  value  is  equal   to   the 
led  by  .707.     Consequently,  the  activ 
ng  in  a  circuit  with  self-induction,  is  ec 
root  of  the  difference  between  the  j 
tressed  and  the  inductive  electric  press 
E^  Ei,  and   E^  are  respectively  the  a 
1,  and  inductive  effective  pressures, 

E^^^Ef^^E}, 

angle  ^  between  the  lines  OA  and  OC  s 
:  by  which  the  phase  of  the  active  pres 

that  of  the  impressed  pressure.  Th 
it  evident  that  this  lag  is  caused  by  1 

the  self-induction  line,  and  that  its  m 

s  upon  the  length  of   that  line.     The 

,     .    ^       .       AC      Inductive  Pressui 
angle  is  tan  ^  =  — -  = 


OC       hcW 


\r<» 
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per  unit  current,  the  number  of  turns  composing  the  cir- 
cuit, and  the  current  flowing  therein.    From  the  reference 

just  given,  E  =  ,  where  E  is  the  pressure  of  self- 

induction  for  the  given  rate  of  change  of  magnetiza- 
tion, n  is  the  number  of  turns  in  the  coil,  and,  as 
before,  N  is  the  magnetic  flux.     But  in  a  long  solenoid, 

N=- ,  where  n!  is  the  number  of  turns  per  cen- 

10 

tiraeter,  and  A  is  the  area  of  the  solenoid.     Then 

10  10^  dt 

^irnn^A  is  called  the  absolute  Self -Inductance  or  the 
Coefficient  of  Self-induction  of  the  coil,  and  is  usually 
represented  by  the  capital  letter  Z.  ^irn'A  is  equal 
to  the  number  of  lines  of  force  passing  through  the 
solenoid  when  the  current  is  one  C.G.S.  unit.  Hence 
the  C.G.S.  value  of  the  self-inductanee  of  any  cireiiit 
which  is  in  a  magnetic  medium  of  unit  permeability^ 
may  be  defined  as  the  product  of  the  number  of  lines 
of  force  enclosed  by  the  circuit  when  carrying  a  unit 
current^  by  the  number  of  turns  in  the  circuity  or 
L^^jiNy  Since  the  number  of  lines  of  force  devel- 
oped by  a  coil  is  proportional  to  the  number  of  turns 
composing    it,    its    self-inductance    is    proportional    to 

the  square  of   its   turns.     In   order   that   the   formula 

7-     ATTun'A      dC  1  ...         7-      LdC    .1  1 

E  =  ^ X     -  may  be  written  E=         ,    the    val- 

io«  dt        ^  dt 

ues   of    C  and   E  being   given   in  amperes  and  volts, 

the  practical  value  of  L  is  made   10^  times  as  large  as 

that  of  the  absolute  unit.     The  Chicago  Electrical  Con- 
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gress  has  formally  declared  the  name  of  this  practice 
value  to  bo  the  Henry.  The  formula  plainly  shows 
that  the  absolute  dimension  of  the  C.G.S.  unit  of  self- 
inductance  is  one  centimeter,  and  the  practical  unit  is 
therefore  lo"  centimeters  or  one  theoretical  earth  quad- 
rant.    The  nai —  " — ' *  ■ — s  therefore  at  one  time 

assigned  to  thi  the  absolute  dimensions 

of  the  ohm  an  city  equal  to  one  earth 

quadrant  per  si  msions  of  the  henry  are 

equal  to  the  o!  one  second,  and  there- 

fore the  term  )hni),  a  name  suggested 

by  Ayrton  and  nit,  came  into  some  use. 

The   use   of    tl  in   honor  of    Professor 

Joseph  Hcniy  ol  ITmceron  <„uUege,  was  suggested  by 
the  American  Institute  of  Electrical  Engineers,  and 
was  officially  adopted  by  the  International  Electrical 
Congress  at  Chicago.t  The  name  //cniy  is  therefore 
now  the  proper  and  only  name  for  the  unit. 

The  definition  of  the  henry  is  developed  for  a  long 
solenoid  in  a  medium  of  unit  permeability.  If  the  cir- 
cuit does  not  comprise  a  long  solenoid,  the  general  defi- 
nition still  holds,  as  already  said,  but  the  summation  of 
the  number  of  lines  of  force  passing  through  each  turn 
individually  must  be  taken,  since  the  number  of  lines 
passing  through  the  turns  is  a  variable  which  depends 
upon  their  position  in  the  coil.  Thus,  suppose  Fig. 
30  to  represent  a  short  solenoid  of  eight  turns  in  which 
are  developed  ten  lines  of  force  when  one  ampere  flows 
through  the  coil.      Assuming  the  distribution  of  the 

•  Thompson's  J^./erl.  anif  A/ai;,,  rti'isi-J  flilion.  Art.  357. 

t  FroitedxHgs  Intiraalioiiat  EUclrUat  Cin/p-isi  ef  Cbu<ii;e,  \i.  18. 
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lines  shown  in  the  figure,  the  inductance  is  calculated 
as  follows : 

10x2  +  8x2+6x2  +  4x2 

=  $6  C.G.S.  units,  or  ~  henrys, 

I!  an  iron  core  be  now  placed    in    the  coil,   the 
number  of  lines  of  force  will  be  increased  directly 


Pig.  30 
as   the    reluctance    of    the    magnetic    circuit    is    de- 
creased.     Hence,    assuming    the    distribution    of    the 

lines   to   remain    unchanged,   the   inductance   becomes 

56  y  /" 

~i-fz  henrys,  where    -fz     is    the    ratio    of    the    reluc- 

tance  before  and  after  the   iron   core  is   inserted.     In 

the    case   of   a   long    solenoid  L=- 5 — ,  when   the 

permeability  is  unity,  but  when  the   permeability  of 
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the  maf;;netic  circuit  taken   as  a  whole  is  fi,  the  nu 

ber  of  lines  of  force  due  to  unit  current  is    ~ 

,     ,        r         ,      4Trnn'Au- 
and  therefore  Z.  = -^ — ■       In  general,   where  t 

magnetic  circuit  is  composed  wholly  of  non-magnei 
material,  the  self-inductance  is  Z  =  — ~ —  =  -^ — ,  ai 
is  a  const  of  C.     When  iron  or  oth' 

magnetic  ided    in   the   magnetic  ci 

cuit,   the  V  luiuctance  varies  with  tl 

value    of   ( 


io«jV 


may  have  for  each  value  of  C,  sia 

N       4  TTn'j 

-7== with  C.     In  this  case  t' 

C  10 

inductance  for  any  value  of  C  is  fd,  times  as  great 
when  no  magnetic  material  is  included  in  the  magne 
circuit,  the  value  of  /i  taken  being  that  correspondi 
to  the  particular  value  of  C.  The  self-inductance 
a  long  solenoid  which  contains  an  iron  core,  when  car 
ing  a  certain  current,  may  therefore  be  defined  as  t 
number  of  turns  in  the  solenoid  multiplied  by  t 
number  of  lines  of  force  set  up  by  the  current  divid 
by  the  current.  As  an  example  of  the  calculation 
the  value  of  L,  consider  a  uniform  ring  of  wroug 
iron  100  centimeters  in  mean  circumference  and 
square  centimeters  in  cross-section.  Suppose  a  c 
of  2500  turns  be  uniformly  wound  on  the  ring,  and 
current  of  two  amperes  be  passed  through  the  m; 
netizing  coil.  Taking  /*  as  equal  to  250,  which  is  a  t 
value,  —-rr-  =  4tr  x  2Sx  20  x  250=  [,571,000.      Hen 


2500  X  i,57i,ooo_ 


3,93  henrys.     If  the  current 
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the  magnetizing  coil  be  taken   as   ij,  the  value  of  /i 

.                    , ,                  ,  _      2500  X  2,199,400 
becomes  roughly  350,  and  L  = — g =  5.50 

henrys.     If  the  ring  be  of  brass  or  other  non-magnetic 
material,  the  values  figure  out  as  follows : 

■^^:^  =  47r  X  25  X  20  =  6284, 

,                      -      2500  X  6284  1 

and  L  =  -^ -^ =  .01 57  henrys. 

In  the  usual  practical  problems  that  are  met,  the  con- 
formation and  numerical  constants  of  the  magnetic  cir- 
cuit and  its  windings  are  unknown,  or  are  so  irregular 
that  the  self-inductance  cannot  be  determined  by  calcula- 
tion, and  experimental  determination  must  be  resorted  to. 
At  the  meeting  of  the  Chicago  Electrical  Congress 
a  general  definition  was  given  for  the  henry  as  follows : 
"As  a  unit  of  induction,  the  henry,  which  is  the  induc- 
tion in  a  circuit  when  the  electromotive  force  induced 
in  this  circuit  is  one  international  volt,  while  the  in- 
ducing current  varies  at  the  rate  of  one  ampere  per 
second."  This  is  in  agreement  with  the  definition 
already  presented. 

17.  Examples  of  Self -Inductances. — Ordinary  practi- 
cal e.xperience  in  electrical  measurements  and  in  hand- 
ling wires  soon  gives  a  capacity  for  estimating  the  value 
^i  resistances ;  in  the  same  way  facility  is  soon  gained 
in  roughly  estimating  electrostatic  capacities,  or  the 
rurrent  which  may  be  safely  carried  by  a  wire,  or  even 
he  ampere-turns  required  to  produce  a  given  magnctiza- 
ion  in  a  magnetic  circuit.  Ordinary  practice,  however, 
;ives  little  clue  to  estimating  the  sclf-inductancc  in  a 


..^.,   a  wav   as   to   ab 
mvliKl. •:•■.•  L>.       The  followinii  valu( 
arc  therefore  presented   here  to  g. 
judgment.* 

The  range  of  self-inductances  met 
wide.    The  smallest  which  are  practi 
doubly  wound    resistance   coils   use 
bridges  and  similar  devices.     Since  t 
doubled  back  upon  itself,  the  magneti 
rent  is  almost  neutral  and  the  induce 
than  a  microhenry.     The  inductance  ol 
call-bell  of  2.5  ohms  resistance  has  be< 
microhenrys ;  a  telephone  call-bell  of 
ance,  1.4  henry s;  the  armature  of  a 
generator  of  550  ohms  resistance,  from 
the  plane  of  the  coil  lay  in  the  plane  0 
to  7.3  henrys  when  the  plane  of  the 
dicular  to  the  plane  of  the  pole  pieces ; 
"cceiver  measuring  75  ohms,  with  diaj 
nillihenrys,  without  diaphrap^m  ou^ 
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ance,  3.6  henrys ;  astatic  mirror  galvanometers  of  5000 
ohms  resistance  average  about  2  henrys.  The  single 
coil  of  a  Thomson  galvanometer  of  2700  ohms  resist- 
ance measured  2.56  henrys  ;  the  coil  of  another  Thom- 
son galvanometer  having  ioo,(XX5  ohms  resistance 
measured  70  henrys ;  the  coil  of  an  Ayrton  and  Perry 
spring  voltmeter,  without  iron  core,  measured  1.462 
henrys.  This  coil  had  a  length  of  2.88  inches,  an  ex- 
ternal diameter  of  3  inches,  was  wound  on  a  brass  tube 
.58  inch  in  external  diameter,  and  had  a  resistance  of 
333.5  ohms.  Each  of  the  above  measurements  was 
made  with  a  current  of  a  few  milliamperes.  The  follow- 
ing are  measurements  of  telegraphic  apparatus : 


POLARIZED   RELAYS   OF  VARIOUS  TYPES. 


._ 

Type. 

Resistance  in 
Ohms. 

Self-inductance  in 
Henrys. 

Test  ins;  Current  in 
Milliaiitperes. 

I 

419 

1.99 

6-3 

2 

423 

1.89 

6.3 

3 

413 

1.69 

6.3 

4 

413 

I.3I 

6.3 



AH  armatures  were  4  mils  from  poles. 

A  common  Morse  relay  of  148  ohms  resistance  meas- 
ured 10.47  henrys  with  the  armature  against  the  poles, 
and  3.71  henrys  with  the  armature  20  mils  from  the 
poles,  the  measuring  current  being  6.3  milliamperes. 
In  ordinary  working  adjustment,  the  inductance  of  a 
Morse  relay  is  about  5  henrys.  Telegraph  sounders  with 
bobbins,  respectively,  i^^  by  i  and  iX  by  i|  inches,  each 


^^^^^^^^H_ZZ^^^I^^^^^^^I 
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wound   to  20  ohms  resistance,  measured  191  and  ijo 

millihenrys,  the  armatures  being  4  mils  from  the  poles 

and  the  measuring  current  being  125  railliamperes,    A 

single  coil   of   a   Morse  sounder  with   a   resistance  of 

32  ohms,  and  having  an  iron  core  .31   inch   in  diam- 

eter and  3  ini                             1 

obbin  being  .94  inch  in 

diameter,   was 

a  self-inductance  of  94 

miliihenrys.     j 

der  with  a  core  like  that 

of  the  precedi 

h    a  bobbin  of   50  ohms 

resistance  hav 

■jS   1.25  inches,  was  fouiiJ 

to  have  a  self-ii 

»  millihenrys.      The  sdf- 

inductance  of  3 

ier  of  14  ohma  resistance 

measured  265 

Bare   Ko.    12    0.  ;inci   a.   ^^' 

u^e  copper  wire  erected 

on  a  pole  line  about  23  feet  from  the  ground,  is  calcu- 
lated by  Kennclly  to  nn.-asurc  about  8.5  ohms  and  3.15 
millihenrys  per  mile;  number  6  copper  wire  under  sirai' 
lar  conditions  is  calculated  to  measure  about  2.1  ohm& 
and  2.95  millihenrys.  A  quadruplex  telegraph  line» 
with  all  instruments  in  circuit,  measures  approximately 
10  henrys. 

The  largest  sclf-inductanccs  met  in  practice  arff 
usually  in  the  windings  of  induction  coils  or  of  electrical 
machinery.  Tiie  secondary  of  an  induction  coil  capabit? 
of  giving  a  two-inch  spark  and  having  a  resistance  o£ 
S700  ohms,  measured  51.2  henrys.  The  primary  of  an 
induction  coil  which  is  19  inches  lon;^  and  8  inches  in 
diameter,  measured  .145  ohm  and  13  millihenrys,  while 
its  secondary  measured  30,600  ohms  and  2000  henrys. 
The  inductance  of  dynamo  fields  i.s  likely  to  vary  from 
I  to  1000  henrys  ;  continuous-current  dynamo  armatures 
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measure  between  the  brushes  from  .02  to  50  henrys ; 
the  fields  of  a  shunt-wound  Mather  and  Piatt  continuous- 
cun-ent  dynamo  built  for  an  output  of  100  volts  and  35 
amperes,  measured  44  ohms  and  13.6  henrys  at  a  small 
excitation  ;  the  armature  of  the  same  machine  measured 
•215  ohm  and  .005  henry  ;  a  Mordey  alternator  armature 
of  the  disc  type,  with  a  capacity  for  18  amperes  at 
a  pressure  of  2000  volts,  measured  2  ohms  and  .035 
henry;  a  Kapp  alternator  armature  of  the  ring  type, 
with  a  capacity  of  60  kilowatts  at  2000  volts  pressure, 
measured  1.94  ohms  and  .069  henry;  another  Kapp 
machine,  30  kilowatts  2000  volts,  measured  7  ohms  and 
.0977  henry ;  the  fields  of  a  Ferranti  alternator  meas- 
ured 3  ohms  and  .61  henry,  while  the  armature  of  the 
same  machine  built  for  an  output  of  200  volts  and  40 
amperes  measured  .0011  to  .0013  henry,  with  no  cur- 
rent in  fields ;  the  primary  and  secondary  windings  of 
transformers  measure  roughly  from  .001  of  a  henry  up 
to  50  henrys,  depending  upon  their  output  and  the 
pressure  for  which  they  are  designed. 

The  effect  of  the  field  magnetism  upon  the  self- 
mductance  of  a  disc-alternator  armature  is  shown  by 
some  measurements  taken  by  Dr.  Duncan*  on  a  small 
Siemens  eight-pole  alternator,  the  results  of  which  are 
given  in  the  table  on  the  following  page. 

Professor  Ayrton  found  that  the  self-inductance  of  an 
unexcited  Mordey  alternator  armature  varied  between 
033  and  .038  henry,  and  that  this  decreased  about 
10  per  cent  when  the  fields  were  excited,  f 

♦  Electrical  World,  Vol.  li,  p.  212. 

t  J0ur.  Institution  of  E,  E,,  Vol.  18,  p.  662,  also  ibid,  p.  654. 


•  H  I  I   'l.     1    (^ 


■J> 


I  JO 

IJ5 

,128 


112 
.115 
,115 


Self-induction  of  armature  removed  f 
inry ;  resistance  of  armature,  .7  ohm 
>les  45°. 

18.  The  Energy  of  the  Self-Induced  Mag 

has  been  shown  (Vol.  I.,  p.  69)  that  tl 
;ainst  the  electric  current  when  the  numb 
roe  passing  through  a  circuit  is  changed, 

-  nCdN 


dW^ 


10' 


L  has  a  fixed  value,  then  CdN^  NdC,  ar 

icr 

once  the  work  stored  in  the  magnetic  fie 
rrent  changes  from  a  zero  value  to  value 
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the  work  stored  in  the  field  still  remains if  L  is 

2 

given  its  average  value  between  the  limiting  values 
of  the  current.  If  there  is  hysteresis,  the  average 
value  of  Z,  when  going  up  the  curve,  is  greater  than 
when  going  down  the  curve,  and  the  work  stored  in  the 
field  by  the  increasing  current  is  not  all  recovered  when 
the  current  falls  again  to  zero.  If  a  coil  be  wound  on  a 
closed  ring  of  soft  iron,  which  exhibits  great  retentive- 
ness  and  coercive  force  in  this  form,  the  value  of  L  is 
very  great  if  the  ring  be  magnetized  by  an  alternating 
current.  If  the  ring  be  magnetized  by  a  rectified  peri- 
odic current,  that  is,  one  which  varies  uniformly  between 
zero  and  a  maximum,  the  value  of  L  is  practically  the 
same  as  though  the  iron  core  were  not  present.  This 
behavior  is  due  to  the  ring  continuously  retaining  the 
niagnetization  caused  by  the  maximum  current,  and 
since  the  induction  in  the  core  therefore  remains  con- 
stant it  does  not  set  up  a  counter  electric  pressure.  By 
niaking  a  cut  in  the  ring,  its  coercive  force  may  be  re- 
duced so  much  that  the  average  value  of  L  is  practically 
the  same  for  rectified  and  alternating  currents. 

19.  Curves  of  Rising  and  Falling  Currents  in  a  Self- 
Inductive  Circuit.  —  The  work  done  by  the  effect  of  self- 
inductance  is  manifested,  as  already  explained,  by  a 
counter  electric  pressure  which  tends  to  retard  a  rising 
current  and  to  accelerate  or  continue  a  falling  current. 
That  is,  it  produces  an  effect  in  many  respects  analo- 
gous to  the  inertia  of  tangible  matter.     In  the  case  of 

the  latter,  ,  MV,  and  are   respectively  the 

2  dt 

energy,  momentum,  and  rate  of  change  of  momentum 
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of  the  mass  M,  when  moving  at  a  velocity  V;  while 
the  case  of  the  electric  circuit,  — — ,  LC,  and  -^ — .  n 

2  (if 

be  called  the  energy,  momentum,  and  rate  of  change 
momentum  (counter  electric  pressure)  of  its  magw 
field.  If  a  circuit  having  self-inductance  be  sudcie 
coTiiiecteJ  '■"  "  =""'■'-»  "*  constant  electric  prcssu 
the  currt  nstantly  to  the  value  C= 

but  it  is  I  i  rise  is  alwa.ys  along  a  lo 

rithmic  c  'hen  the  current  has  react 


its  full  value,  a  smaller  quantity  of  electricity  has  pas 
through  the  circuit  during  the  interval  than  would  h 
passed  if  the  retardation,  or  momentum  effect,  had 
been  present.  This  decreased  amount  of  elcctricit 
proportional  to  the  area  OVQ  between  the  curvt 
current  and  the  horizontal  line  VQ  (Fig.  31). 
counter  electric  pressure  at  any  instant  during  the 

of  the  current  is  .^^ -'-'-,  and  the  instantaneous  curi 

icfiff 
which  would  flow  through  the  circuit  under  its   ir 

The   total  quantity  of  electri 


encc  IS  c 


-_H<f.V 
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which  would  be  transferred  through  the  circuit  due  to 
a  change  of   the   induction  from   o  to  N  is  therefore 

\cdt=^n\    — rTr  =  — rTr  = ;r-     This  is  equal  to 

the  deficit  of  electricity  which  flows  through  the  cir- 
cuit in  the.  period  during  which  the  current  is  rising 

to  its  permanent  value  C  =  -^.     If  the  pressure  be  sud- 

denly  reduced  to  zero,  the  current  does  not  stop  imme- 
diately, but  falls  off  along  a  logarithmic  curve,  and  the 
quantity  of  electricity  passing  through  the  circuit  is 
increased  on  this  account.  The  increased  quantity  is 
proportional  to  the  area  between  the  curve  and  the  X 
axis.  That  this  quantity  is  equal  to  the  quantity  of 
electricity  lost  in  starting  the  current  is  shown  thus : 

The  counter  electric  pressure  is,  as  before,  ^— ^^ — ,  and 

\CPdt 

.=  ::^^.     Whence  r.^/  =  «r----^=^^  =  ^- 

This  is  equal  and  opposite  in  sign  to  the  quantity  lost 
Upon  starting   the  current.      Hence,   if   the   induction 
passing  through  the  circuit  returns  to  its  initial  value, 
exactly    the    same    total    number   of    coulombs    passes 
through  a  circuit  having  self-inductance  as  would  pass 
*ere  there   no   self-inductance.     In   the   same    way  if 
a  mass  of    moving   matter   be  raised  from   a  velocity 
f^to  a  velocity  F',  a  certain  amount  of  work  is  done 
in  accelerating   the   body;  but   if   after  a  certain    dis- 
tance has  been  traversed  the  velocity  be  allowed  to 
fall  to   V  again,  the  work  of  acceleration  is   returned 
and  the   total   work   during   the  cycle   is   exactly  the 
same  as  if  inertia  did  not  exist  in  the  mass.     If  the 
electric  circuit  have  an  iron  core,  the  value  of  the  in- 
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duction  niny  not  fall  to  its  initial  value  upon  breaking 
the  circuit,  and  the  energy  given  up  is  then  not  equal 
to  that  absorbed  in  building  up  the  magnetization. 
The  diff*;rcnce  in  the  energy  remains  stored  in  the 
magnetic  field  in  the  form  of  residual  magnetism.  As 
an  analogue,  suppose  that  when  the  moving  mass  as- 


sumed abov;: 
y",  which  is  g 
some  of  the  e 
tained  and  the 
the  cycle  is  ii 
the  body. 

The  conilitioi 
falling  current  are  loga 


it  comes  to  a  velocity 
initial  velocity  f.  Then 
t    in   acceleration   is   rc- 

the  work  done  during 
:ount  of  the  inertia  of 

;he  curves  of  rising  and 
and  of  exactly  the  same 
when  pressure  is  applied  and  withdrawn,  in- 
stantaneously, from  a  circuit  requires  that  the  resistance 
of  the  circuit  remain  constant.  If  the  circuit  is  broken, 
by  opening  a  switch  or  otherwise,  it  is  an  e.xperimental 
fact  that  the  counter  pressure  rises  much  higher  than 
the  original  impressed  pressure,  frequently  rising  to 
many  times  its  value.  The  extreme  severity  of  the 
shock  which  may  be  received  upon  breaking  a  circuit  of 
large  inductance  attests  the  fact.  This  is  due  to  the 
exceedingly  large  increase  of  resistance  in  the  circuit, 
introduced  by  the  break.  The  increase  in  resistance 
causes  the  current  to  fall  off  more  quickly,  and  hence 
a  greater  rate  of  change  of  magnetism.  However,  as 
before,  the  work  given  out  by  the  field  must  be 

W^^^  LCdC=~, 

and  is  equal  to  the  energy  stored  in  the  circuit  when 
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C*         LC 
the  current  was  introduced;  and  ^=1  cdt  =  — ,  which 

is  the  same  as  before.  The  total  number  of  coulombs 
transferred  being  the  same  and  the  induced  pressure 
being  greater  upon  breaking  a  circuit  than  upon  making 
it,  the  period  of  action,  /,  must  be  shorter  upon  the 
break. 

20.  The  Effect  of  Self-Inductance  in  Divided  Circuits. 
Application  to  a  Shunted  Ballistic  Galvanometer.  —  The 
fact  that  the  total  quantity  of  electricity  which  passes 
through  a  wire  when  subjected  to  a  transient  electric 
pressure  is  independent  of  the  self-inductance  of  the  cir- 
cuit, as  is  shown  above,  has  a  bearing  upon  the  distribu- 
tion of  current  in  divided  circuits.  With  no  external 
disturbing  factors,  it  is  apparent  that  where  a  transient 
electric  pressure  is  impressed  upon  parallel  circuits  of  dif- 
ferent inductances,  the  number  of  coulombs  which  flow 
through  each  circuit  would  also  flow  were  the  circuits 
without  self-inductance,  but  the  phase  of  the  flow  in  each 
circuit  is  retarded  so  as  to  lag  behind  that  of  the  press- 
ure by  an  amount  which  is  proportional  to  the  self-induc- 
tance of  the  circuit.  This  reasoning  would  make  it  appear 
that  shunting  a  ballistic  galvanometer  must  change  the 
constant  in  the  ratio  of  the  resistances  of  galvanometer 
and  shunt  without  regard  to  their  self-inductances,  as  is 
true  when  continuous  currents  are  in  question.  This, 
however,  is  not  correct,  because  the  movement  of  the 
needle  which  occurs  before  the  end  of  the  discharge 
generates  a  counter  electric  pressure  in  the  galvanome- 
ter coils.  This  reduces  the  proportion  of  the  discharge 
which   passes   through   the   galvanometer.      Assuming 
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that  the  number  of  lines  of  force  due  to  the  neec 
which  cut  the  coils  are  proportional  to  the  sine  of  t 
deflection  ;  calling  r,  and  L  the  resistance  and  self-: 
ductance  of  the  galvanometer  coils  ;  r,  the  resistance 
the  shunt  (the  inductance  of  the  tatter  being  assum 
negligible  on  account  of  its  being  wound  with  doubl 
wire) ;  an  he  respective  instantanca 

currents  ;  taneous    impressed    elect 

pressure  i:  stantaneous  active  pressi 

causing  ci  ough  the  galvanometer  co 

is  (T,/',,  and  impressed  pressure  less  I 

counter  cl  aiised  by  self-induction  a 

the  swing  herefore 

(Ldc,     Msin  a)- 


(Ldc,      Msin  a)\ 
\at   '^       dt      )' 


where  ^  is  a  constant  which  depends  on  the  strenj 
of  the  needle.     Whence  iY,dt  —  rjr^t  =  Ldc,  +/'t^(sir 


and 


r.j'^c.dl  -  r,j\^t  =  LJ^^dc,  +  kj°d(?.ma). 


Tliis  is  q,r,^q^r^  =  k^ma.  If  the  deflection  be  sn 
then  sin  a  is  sensibly  equal  to  2  sin?,  but  A'sin"  = 
where  K  is  the  ordinary  constant  of  the  ballistic  i 
vanometer  (Vol.  I.,  p.  46).  Hence  q,r,  —  q^>\  =  ~- 
Cailing  Q  the  total  discharge,  which  is  equal  to  (/,  + 
this  becomes 

r.(Q-1,)-  ',1,  =  '-p.  ''"d  ?,  = ^~.- 


ET 


I 
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This  discussion  shows  that  the  coulombs  of  a  discharge 
which  pass  through  a  shunted  ballastic  galvanometer 
ire  less  than  the  ratio  of  the  resistances  or  g,<—  '  ■ 
The  deficit  is  caused  by  the  lines  of  force  from  the 
needle  cutting  the  galvanometer  coils  while  the  dis- 
charge is  passing,  and  its  value  is 


c-.+o 


■^K..))- 


The  shunted  ballistic  galvanometer  therefore  gives 
fadings  which  are  too  small,  unless  the  duration  of  the 
discharge  is  very  small  compared  with  the  time  of 
vibration  of  the  needle." 

In  the  case  of  coils  connected  in  parallel  each  hav- 
ing self-inductances,  it  is  difficult  to  assign  a  true  fixed 
wlue  to  the  self-ijiductance  of  the  circuit.  In  fact, 
only  under  special  conditions  can  a  single  coil  with 
sdf-iiiductancc  be  substituted  for  the  coils  in  parallel 
so  as  to  produce  the  same  effect  as  the  latter  upon 
transient  currents  of  every  duration.  These  condi- 
tions are  fulfilled  when  the  ratio  of  --  is  constant 
for  all  the  coils,and  an  equivalent  coil  may  then  be  siib- 
slitiited  for  the  parallel  circuits.  In  this  case  the  re- 
sistance of  the  equivalent  coil  must  be 

/t,  /?J  ^3  /tg 

kantl  its  self-inductance  must  be 

•  See  Cccud'*  Zffoiu  lur  r£l€Cti-icil!,  3d  cd..  Vol.  1.,  p.  213. 
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These  values  make  -^  equal  to  the  iiMistant  value  of 
the  ratio  for  the  indiviihial  coils.* 

21.  Rate  of  Work  in  a  Self-Inductive  Circuit  when  the 
Current  is  rising  or  falling.  — The  effect  of  self-induc- 
tance has  bcL'ii     ■*  — ""  the  effect  of  inertia  in  a 

moving  solid.  :ct  of   water  flowing   in 

a  pipe,  as  suggt  ly,  also  represents  many 

analogies.     Tin  ag  an  electric'  pressure 

upon  a  circuit,  i  not  rise  to  its  full  value 

instantly,  but  i  )garithmic  function,  the 

constant  of  whi  n  the  self-inductance  of 

the  circuit.     In  ,  if  pressure  be  exerted 

upon  water  filling  a  pij.  iter  cannot  begin  its  fulH 

flow  instantly  on  account  of  inertia.  If  a  gate  be  sud- 
denly closed  in  the  pipe  after  the  flow  is  fully  under  way, 
the  momentum  of  the  liquid  tends  to  continue  the  flow, 
and  the  gate  suffers  a  severe  blow.  In  the  same  way, 
upon  opening  an  electric  circuit  a  bright  spark  passes 
on  account  of  the  so-called  extra  current  caused  by  the 
tendency  of  self-inductance  to  uphold  the  flow.  It  must 
always  be  remembered  that  the  analogies  between  the 
flow  of  electric  current  and  moving  solids  or  liquids  are 
by  no  means  exact  (Vol.  I.,  p.  ii),  but  they  are  quite 
useful  in  fixing  the  meaning  of  the  phenomena.  There 
is  a  marked  difference  between  the  effect  of  bends  on 
the  inertia  effect  in  the  pipe  containing  water  and  in  the 
electric  circuit.  Thus,  in  the  electric  circuit,  a  solenoid 
has  much  more  self-inductance  than  has  the  same  win 

•  Hospitalier's  TraitJ  de  I'Eiier-gie  I'jctlriqae,  Vul.  i,  p.  496;  Lede 
toet  &  Maneuvrier,  Aeadimie  Jet  Siieafts,  18S7. 
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straightened  out.  On  the  other  hand,  bends  in  a  water 
pipe  cause  the  inertia  effect  to  be  absorbed  by  friction. 
Notwithstanding  the  differences,  the  analogies  are 
worthy  of  further  consideration. 

When  water  in  a  pipe  is  set  in  motion  part  of  the 
force  exerted   upon   it   at   any   moment   is  utilized   in 

accelerating  its  mass  (— t~]»  ^^^  ^^^  remainder  in  over- 
coming frictional  resistances  (Av).     That  is, 

F=Av-] ; — > 

where  F  is  the  pressure  exerted,  v  the  instantaneous 
velocity  of  the  water,  M  is  its  mass,  and  ^4  is  a  con- 
stant. It  is  here  assumed  that  the  frictional  resistance 
is  proportional  to  the  velocity,  which  is  true  only  when 
f  is  small.  When  the  velocity  of  the  water  has  become 
so  great  that  A7'^  —  F,  where  i\  is  the  final  velocity,  the 
acceleration  ceases,  and  the  water  continues  to  flow  at  a 
uniform  velocity  v^  as  long  as  the  force  is  applied.  In 
the  case  of  the  electric  circuit,  the  impressed  electric 
pressure  is  expended  in  overcoming  the  counter  electric 

pressure  due  to  self-inductance  (— ^)  and  in  causing  the 

current  to  flow  through  the  resistance  {R)  of  the  circuit, 

I  dc 
or  E  =  cR-V— —     This  is  similar  to  the  expression  for 

dt 
the  flow  of  a  liquid  as  given  above.     cR  represents  the 

electric    pressure   exerted    in    overcoming   the    electric 

resistance   or  electric  friction    of    the   conductor    (the 

,  Ldc(    d{LC)\     . 
active  pressure),  and  -7:1  =      7/~7»  ^"^  pressure  ex- 
erted in  storing  energy  in    the  magnetic   field,   or   in 


ALTERNATING   CURRENTS. 


1 


changing  the  momentum  of  the  magnetic  field  (com 
Sect.  19)      Likewise  — n- 1  =  ~-  j.  --  )  in  the  fon 

relating  1 


dl    \  dt     J 

the  flow  of  water  represents,  of  course 
pressure  ir  force  exerted  in  storing  energy  in  the  » 
by  incrcEsing  its>  momentum.  The  power  expcnde 
the  elect  instant  is  Ec  =  c^H  +  - 

in  which 
conductoi 


r  expended  in  heating 
power  expended  in  sto 
d.  In  this  discussion, 
esistanceof  a  conductor 
jr  a  variable  current  a^ 
rrect  within  practical  lir 


energy  in 

assumed  t 

constant 

a  constant  ouc.      J 

provided  the  rate  of  variation  of  the  current  is  not 

great  and    the  conductor  is  not   too  thick. 

22.   The  Time  Constant  of  a  Self-Inductive  Circui 
From  the  equation 


£:  =  c/i  + 


Ldc 
dt 


E-^i 


IS    given    c  = 


dt 


which  represents  the  instantaneous  value  of  the  cur 
flowing  at  any  moment  wliile  the  pressure  E  is  applie 
a  circuit  of  inductance  L.  To  find  the  value  of  th< 
stantaneous  current  at  any  particular  time  i,  we  1 

from  Che  same  equation,  by  transposition, = 

whence 


r'     dc  r'dt 

Jo  E-cR     X  E' 
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Rt 


'°<^)=- 


E  - 

ily  ^  =  —  (i  —  e  ^),  where  e  is  the  base  of  the 

Ik. 

1  logarithms.*     This  shows,  as  already  stated, 

theoretical  curve  representing  the  rise  or  fall 

current   is   logarithmic.     The    formula    shows 

en   L   is   very  small   the    current    almost   im- 

/r  _« 

ly  takes  its  full  value  c'=-^,  since  e  ^  quickly 

;  negligible  in  comparison  with  unity.  Theoreti- 
len  inductance  is  present,  the  current  can  only 

its  full   value   after   an  infinite   time,  yet  €~^ 

>    practically    negligible   after    a   comparatively 

terval.     Since  resistance  has  the  absolute  dimen- 

a  velocity  (a   length  divided    by  a  time)  and 

ice  has  the  dimensions  of  a  length,  the  ratio  — 

R. 

dimensions  of  a  time ;  this  ratio,  in  the  case 
circuit  is,  therefore,  generally  called  the  Time 
t  of  the  circuit,  and  may  be  represented  by  the 

etter  t.     In  the  preceding   equation,  —   rcpre- 

R 

e  value  which  the  current  would  instantly  reach 
mder  the  constant  impressed  pressure,  were 
J  inductance  in  the  circuit.  This  is  the  same 
jltimate  value  when  there  is  inductance.  The 
I  may  therefore  be  written 

c=  C{i  —  €  ^)    or    C—c=C€'^. 


;e  Gerard's  /.^fpns  sur  V Electricitey  y\  cd.,  Vol.  I.,  p.  207. 
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When  /=  T.  this  becomes 
C 


C 
2.718 


.368  c. 


This  is  the  deficit  of  the  current  after  a  time  in  sec- 
onds equal  to  t,  and  the  current  at  that  instant  is  there- 
fore .632  of  its  ultimate  or  full  value.  The  value  of 
the  time  constant  is  therefore  a  measure  of  the  growth 
of  the  current  in  a  circuit,  and  it  is  obvious  that  in 
a  circuit  of  ^xcax  inductance  and  also  great  resistance, 
the  current  practically  reaches  its  full  value  as  quickly 
as  in  a  circuit  of  small  inductance  and  proportionally 
small  resistance. 

23.  Examples  of  Time  Constants.  —  The  following  are 
the  time  constants  of  some  of  the  circuits  for  which 
inductances  have  previously  been  given  (Sect.  17). 
Wheatstone  bridge  resistances,  when  properly  wound, 
generally  have  a  time  constant  of  a  millionth  of  a  second 
or  less;  electric  bell,  4.8  millionths  of  a  second;  tele- 
phone call-bcU,  nearly  .02  of  a  second ;  armature  of  a. 
small  magneto  generator,  from  .005  to  .013  of  a  sec- 
ond ;  telephone  receiver,  with  diaphragm,  about  .001  ot 
a  second  ;  mirror  galvanometer  for  marine  signalling, 
.0016  of  a  second  ;  mirror  galvanometer  of  5000  ohms 
resistance,  .0004  of  a  second  ;  2700-ohm  coil  of  a  mirror 
galvanometer,  .001  of  a  second  ;  ioo,000-ohm  coil  of 
a  mirror  galvanometer,  .0007  of  a  second ;  coil  of 
Ayrton  and  Perry  spring  voltmeter,  .0044  of  a  second; 
polarized  relays,  types  i,  2,  3,  and  4,  respectively, 
.0048,  .0045,  .0041,  and  .0052  of  a  second;  Morse 
relays,   from    about   .070    to   .026    of    a    second,   with  4 
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about  .034  of  a  second  as  an  average  for  instruments 
in  working  adjustment ;  two  telegraph  sounders,  .0095 
and  .0065  of  a  second ;  bare  No.   1 2  B.  and  S.  gauge 
copper  wire  on  a  pole  line,  .00037  ^^  ^  second ;  No.  6 
wire  in  a  similar  position,  .0014  of  a  second;  primary 
of  large  induction  coil,  .09  of  a  second ;  secondary  of 
same,  .065  of  a  second ;  dynamo  fields,  from  about  .01 
to  10  seconds ;   continuous-current  dynamo  armatures, 
from  .005  to  5  seconds ;    Mordey  36-kilowatt  2000-volt 
alternator  armature,  .017  of  a  second  ;  Kapp  60-kilowatt 
2000-volt  alternator  armature,  .035  of  a  second  ;  primary 
and  secondary  windings  of  transformers,  from  several 
thousandths  of    a   second    to    a   number   of    seconds. 
Finally,  suppose  6  ohms  is  the  resistance  of  the  mag- 
netizing coil    figuring   in    the   problem  of   Section  16. 
Then  assuming  the  value  of  L  to  be  constant,  which 
is  not  exact  when  the  core  is  iron,  the  time  constant 
becomes  in  the  three  cases,  respectively,  .65,  .92,  and 
.0026  of  a  second. 

24.  Equation  for  Current  in  a  Self-Inductive  Circuit 
when  an  Alternating  Sinusoidal  Pressure  is  applied.  — 
The  total  quantity  of  electricity  which  is  transferred 
through  a  circuit  when  a  periodic  electric  pressure  is 
impressed  upon  it  has  been  shown  to  be  independent  of 
the  inductance  of  the  circuit,  provided  the  period  gives 
sufficient  time  for  the  current  to  follow  its  natural  curve 
of  rise  and  fall ;  the  only  change,  in  this  case,  in  the 
flow  caused  by  inductance  being  a  retardation  of  the 
phase  of  the  current  relative  to  the  pressure  (Sect.  19). 
If,  however,  the  pressure  be  an  alternating  one  the 
quarter  period  of  which  is  not  materially  greater  than 


,/vinHi  oi  iiu'  impressed 

In   tlic   case  of    an   alternalini;'  curre 
cuit   by   an  impressed  alternating  l)r 
reduces  the   current    uniformly    in    e 
effect  is  therefore    one  which    makes 
crease  in  the  resistance  of  the  circui 

E 
Returning  now  to  the  formula  r  =  — 

sidering  c  and  E  instantaneous  value* 
pressure  which  vary  according  to  a  sine 
ing  for  E  its  value  r^sina,  where  e^ 
value  of  the  sinusoidal  pressure;  then 


iin  a  —  L\—\ 
\dt) 


^-sin 
c  = TT -y  or   dc-^-j  cdt 


It  is  desired  to  find  from  this  equatic 
in   terms  of  ^f=i\   /.  ..  and  sin«. 
this,  the  ennit;/>-   —         - 
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I  and  V  are  entirely  arbitrary  and  only  their  prod- 
fixed  by  the  assumed  conditions,  we  are  at  lib- 
make  further  assumptions  regarding  the  value  of 
\  them.  Therefore,  for  further  convenience  in 
ating,  we  will   assume  such   a  value  for  v  that 

dv  =  o,  and  the  value  of  v  is  derived  from  this 
egration  as  follows:  logt/= hlog^',  where 

T 

i  constant  of  integration. 

-  *         .         vdt 
\z^v^AU  T.     Since V  dv  is  taken  equal  to 

he  principal  equation  reduces  to  vdu  =  -^  sin  adt^ 

-  — -€''   "^  sin  adt  and   u  =  /i"  +  -tt  I  ^-^  sin  adt, 
:e,  placing  A^A"  equal  to  Ay 

uv  =  c  =e~^  A  +  J  c^y  sin  adt\ 


r  =  /]6  ^-h  y€  ^1  e^si 


sin  a^//. 


dt  may  be   most  readily  integrated  by  parts  as 


j  e  sin  a^/  =  j  ydz  :=  yz  —  \  zdy. 


5   sin  a  =  J  and    edt  —  dz,  makes  by  integration 

,  and  by  differentiation  dy  =  cos  aduy  but  a=z(ot 
.,  p.  80),  and  therefore  da  =  (odty  whence 

dy=  CO  cos  (ntdt. 


♦See  Price's  CahuIuSjWA.  II.,  p.  358. 


,^  iciM  Lcrm  may  airain  be  intCLrrated  b^ 

sa  =j'  and   eu//  =  ^/j,  and  the  origina 
mes 

t  '  '  L 

€  sin  adt  =  re^  sin  o)/  —  r^we'^  cos  o)/  —  r^ 
"ansposing,  and  substituting  a  for  a>/,  giv 

(l  +  7^0)^1  6^ sin  a///  =  r^e^f-  sin  a  ~  < 


/• 


€^  sin  adt  = 


er 


-  +  0)2 


(: 


-  sm  a  —  «  CO 


Substituting  the  value  of  this  integral  in 
m  for  the  current,  found  on  the  preceding 

c^Ae  ^  -\ 7 — r-  ( -  sin  a  —  o)  c( 


SELF-INDUCTION  AND  CAPACITY. 


69 


Now 


>5+^ 


+ 


CO 


4 


-+«« 


= I. 


and  this  may  be  written 


y[^ 


O) 


\5+^ 


=  cos*  <l>  +  sin^(f>, 


where  <f>  is  an  angle  whose  cosine  and  sine  equal  re- 
spectively the  first  and  second  terms  in  the  left-hand 
side  of  the  equation.*  Substituting  sin  ^  and  cos  <f> 
for  their  equivalents  in  the  last  term  in  the  equa- 
tion for  current  as  developed,  there  results 

*         (sin  a  cos  ^  —  sin  ^  cos  a) 


V 


t2 


+  G)' 


f^m 


v^,+«= 


sin  (a  —  0). 


A 


Consequently,     c  =  Af ''  H .  .  _  "z-z: — =:sin  (a  —  0), 

L  2  TT 

since  —  =  ^,  and  w  =  — -  =  2  tt/*,  where  T'  is  the  period 

T  7 

ancl/=  "  is  the  frequency  of  the  alternating  current 

under  consideration.     The  angle  ^  is  determined  by  the 

condition  that 

.       ,      sin  <6      ft) 
tan  ^  =  — -^  =  -. 


cos^ 


I 

T 


♦  Chauvenet's  Trigonometry^  p.  90. 


2lTfL 

niul    from    this    tan  ^  =  cot  =  "^  '"    -• 

25.   Exponential  term  is  practically 

exponential  member  of  the  equation 
shows   the   natural    rise   of    current  ^ 
pressure  is  first  introduced   in   the  c 
may  generally  be    entirely  neglected 
ure   is   an   alternating    one,    since   its 
negligible  within   a   small   interval   aft 
is    introduced.     This  is  shown  by  tak 
equal  to  zero,  as  it  is  at  the  instant 
impressed  upon  the  circuit,  and  then 
value  of  A.     This  is  readily  shown  to 

C  ^-1 

A=^ -■        *  6  ^  sin  (a 

VR^  +  4  Try  2/:2 

where  a^  is  the  phase  of  the  alternating 
introduced  in  the  circuit,  and  t^  is  the  t 
duction.  Substituting  the  value  of  A 
formula  gives 
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g 
c  =    , -  *  -  sin  (a  —  6), 

where  e^  is  the  maximum  value  of  the  pressure.     There- 
fore, E- 
f.  =  — =:^==,andC=             ^ 


v;?a-f47ry2/,2  v/e2  +  4  Try  2/^2 

where  C  and  E  are  the  eflFective  values  of  current  and 
pressure.     Since  — ^  =  tan  A, 

y/R^  +  4'ny^L^  =  i?Vi  +  tan^i^  =    ^ 


COS0 


TL     i-  ^111  cos  A      J  ^     Ecosd) 

Therefore,  c^  =  — 5--^  and  c  =  — y,—^- 

It  is  thus  shown  that  when  a  sinusoidal  electric  press- 
ure is  impressed  in  an  electric  circuit  having  a  constant 
inductance  L,  the  current  is  also  sinusoidal  and  lags  be- 
hind the  pressure  by  an  angle  (f>,  the  tangent  of  which 

equals  — ^ — ,  and  which  is  therefore  directly  dependent 

upon  the  inductance  of  the  circuit  and  the  frequency  of 
the  impressed  pressure;  the  maximum  and  effective  cur- 
rents are  less  than  the  maximum  and  effective  pressures 
divided  by  R,  by  an  amount  dependent  upon  the  fre- 
quency and  the  inductance. 

26.  Definition  of  Impedance  and  Reactance.  —  The 
quantity  V7?^+ 4  7ry^Z^  is  generally  called  the  Im- 
pedance of  the  circuit  and  sometimes  its  Apparent  Re- 
sistance, while  2  tt/L  is  sometimes  called  the  Reactance 
or  Inductive  Resistance.  The  square  of  the  impedance 
of  a  circuit  is  therefore  equal  to  the  sum  of  the  squares 
of  its  resistance  and  reactance.     Impedance  and  react- 
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ance  are  both  of  the  dimensions  of  resistance  and  ai 
therefore  exiJiessed  in  ohms.  Impedance  may  be  di 
fined  for  .sulf-inductive  circuits  in  genera],  as  the  tots 
opposition  in  a  circuit  to  the  flow  of  an  alternating  eleo 
trie  current,  and  reactance,  as  the  component  of  the 
impedance-  caused  bv  the  self-inductance  of  the  circuit. 

27.   Circuits  onstants  in  Paiallel  and 

Series. — -The  of  circuits  combined  i» 

parallel  may  be  i  the  impedances  of  the 

individual   circ  te  angle  of   lag   is   thg 

same  for  all  at  ave  no  magnetic  el 

on  each  other.  tive  electric  pressure 

the  comniun  ter  cuits  is 


E  =  C^yf R^  +  A-ny^L^  =  C^-^ R^  +  ^vJ^L^,  etc. 

Also  E  =  CVR^  +  4-7rY'L^  and  C=  (T,  +  Cj  -|-  etc.  In 
these  expressions  R  and  L  are  the  joint  resistance  and 
apparent  joint  self-inductance,  R^,  L^,  etc.,  are  the  resist- 
ances and  self-inductances  of  the  individual  circuits,  C 
is  the  effective  value  of  the  total  current,  and  C,,  C^ 
etc.,  arc  the  effective  currents  in  the  different  circuits. 
The  above  formulas  may  be  transformed  as  follows : 

c,_     .__■ c,^ 


Adding  these  together  gives 

C,  +  r,  +  etc.  ^  r  ^ I 

E  E~  ^Tf^  ^if-fLf 
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But 


whence 


I  I 


H — ,  -f-  etc. 

This  expression  is  similar  to  that  giving^the  joint  resist- 
ance of  divided  circuits,  -^  =  -5-  +  -5-  +  etc.     The  appar- 

R     R^     R^ 

ent  joint  self-inductance  of  this  formula  will  evidently  be 
dependent  upon  the  frequency  except  when  the  time 
constants  of  the  circuits  are  the  same  (compare  Sect. 
20);  and  when  the  time  constants  and  therefore  the 
angles  of  lag  of  the  individual  circuits  are  not  equal, 
the  geometrical  sinn  instead  of  the  arithmetical  sum  of 
the  reciprocals  of  the  individual  impedances  must  be 
taken  to  get  the  reciprocal  of  the  joint  impedance. 
This  is  fully  developed  later  (Chap.  IV.). 

The  impedance  of  circuits  in  series  is  always  calcu- 
lated from  the  summed  resistances  and  self-inductances, 
provided  the  circuits  have  no  magnetic  effect  on  each 
other  and  contain  no  capacity. 


Thus,  VWTA^r^pL^ 


=  V(y?i  +  ^2  +  etc.)2  +  4  Try*^  (/-I  +  Z^a  +  etc.)2 

This  is  correct  whether  the  time  constants  of  the  indi- 
vidual circuits  are  equal  or  unequal. 

28.  Triangles  of  Resistance  and  Pressure.  —  In  Sec- 
tion 15  it  is  shown  that  the  impressed  pressure  in  a 
circuit  is  equal  to  the  square  root   of  the  sum  of  the 


I 
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squares  of  the  active  pressure  and  the  pressure  of  si 
inductance.     Dividing  the  effective  values  of  the  thi 

pressures  by  the  current  gives,  in  each  case,  the  equi 
lent  of  resistance,  .so  that  the  three  sides  of  the  triani 
of  electromotive  forces  are  also  proportional  to  I 
impedance,  reactance,  and  resistance  of  the  circuit  (; 

L     E 
Fig.  29).  —=-^.    The  electric  pre 

urc  of  sel  Jently  equal  to  the  rate 

which  self  brce  cut  the  turns  of  a  d 

multiplied  f  turns,  or  a>LC  =ztr/L 

Reactance  luctive  pressure  divided 

current,  oi  Since  the  line  represe 

ing  active  lind  that  representing  i 

pressed  pressure  by  the  angle  ^,  the  length  of  t 

former  is  equal  to  that  of  the  latter  multiplied  by  cos 

or  £,  =  E,  cos  <^.  Therefore, 

—     E.  E,  cos  A>          ,            e-  cos  A 

exactly  as  shown  by  analysis  (compare  Sect.  25).  T 
triangle  of  electric  pressures  (Fig.  2911)  and  the  equi 
lent  triangle  of  resistances  (Fig.  29A),  therefore,  foret 
the  more  important  of  the  results  that  can  be  gtear 
from  the  rather  laborious  integrations  which  have  ji 
been  performed. 

29.  Application.  —  The  application  to  circuits  in  gi 
eral,  and  to  alternator  armatures  in  particular,  of  t 
deductions  which  are  thus  made  is  evident. 

Thus,  suppose  it  is  desired  to  design  an  alterna 
which  is  to  generate  25  amperes  at  an  effective  pre 
ure  of  1000  volts  at  its  terminals,  the  frequency  bei 
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100.  Take  first,  for  example,  a  disc  armature  without 
iron  in  its  core,  with  a  resistance  of  i  ohm  and  an 
average  self-inductance  of  .01  henry.  The  eflFective 
value  of  the  total  pressure  to  be  developed  in  this 
armature  at  full  load  is  then 

V(iooo  +  25  X  1)2  -f  (2  7r  X  100  X  .01  X  25)2, 

which  is  equal  to  1037  volts.  Consequently,  the  effect 
of  self-inductance  is  to  demand  an  increase  of  the  total 
pressure  equal  to  12  volts.  Suppose,  however,  the 
armature  is  of  a  type  having  an  iron  core  and  has  an 
average  working  inductance  of  .05  henry,  the  total 
pressure  then  becomes 


\(iooo  -f  25  X  i)2  +  (2  TT  X  100  X  .05  X  25)2, 

which  is  equal  to  1291.  Hence,  the  total  pressure  must 
be  increased  by  266  volts  on  account  of  self-inductance. 
If  the  two  machines  were  worked  at  full  load  upon 
resistances  of  absolutely  no  inductance  or  capacity,  the 
lag  of  the  currents  with  respect  to  the  impressed  press- 
ure in  the  circuit  in  the  two  cases  would  be  respectively 
8°  43',  and  37°  27'  (Fig.  32). 

30.  Resolution  of  an  Irregular  Curve  into  Component 
Sinusoids  or  an  Equivalent  Sinusoid.  —  As  already  said 
(Sect.  5),  it  is  not  safe  to  assume  a  sinusoidal  form  for 
the  curve  of  pressure  developed  by  an  alternator.  In 
general,  it  is  safe  to  say  that  the  curve  produced  by 
nearly  all  machines  having  smooth  core  or  disc  arma- 
tures, is  sufficiently  close  to  a  sinusoid  to  make  the 
deductions  applicable   with    some   degree  of   accuracy. 
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When  the  curve  does  not  follow  a  sinusoid,  it  is  pos- 
sible to  resolve  it  into  a   number  of  component   si 
soids    according   to    Fourier's    theorem,  the   effect 
which  can,  to  some  extent,   be  separately  estimated. 
The  general  analytical  expression  for  the  instantaneoui 
current  becomes  i:  =  a  sin  a  -(-  *  sin  2  a  +  c  sin  3  a  +  etc. 


i 


-aT/  LC 


Pig.  32 

+  a'  cos  a  +  //  cos  2  a  +  c'  cos  30  +  etc.,  which  is  too 
conii>lcx  for  i;cncral  use.  The  scpriration  is  often  more 
readily  effected  by  plotting  sinusoids  by  trial  and  ap- 
proximation (Fi^.  33).  The  fir.st  or  fundamental  com- 
ponent sinusoid  has  tlic  s:tnie  period  as  the  primary 
curve,  and  the  other  components  are  regular  harmonics 
of    the    first.      When    even   liarmonics   are   present  the 
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successive  loops  of  the  primary  curve  are  dissimilar, 
but  they  are  similar  when  only  odd  harmonics  are 
present.  Since  the  successive  loops  of  alternating  cur- 
rent curves  are  always  similar,  it  is  evident  that  only  the 
odd  harmonics  need  be  looked  for  in  distorted  curves. 
In  fact,  such  curves  may  nearly  always  be  considered  as 
composed  of  the  fundamental  sinusoid  combined  with 
sinusoids  of  three  times  and  five  times  the  frequency, 
higher  harmonics  being  represented  not  at  all  or  only 
by  a  small  residual.  The  sines  and  cosines  of  the 
Fourier  formula  when  taken  in  combination,  cause  the 


Fi£r.  33 

lack  of  symmetry  of  alternating  current  curves.  Even 
if  the  curve  of  pressure  is  an  exact  sinusoid,  if  L  is  not 
absolutely  constant,  the  current  curve  varies  from  the 
sinusoidal  form.  In  circuits  containing  iron  cores,  L 
varies  with  the  value  of  the  current  on  account  of  the 
variations  of  /i,  and  the  current  curve  therefore  takes  an 
irregular  form.  The  amount  of  irref!:ularity  depends 
upon  the  amount  of  iron  present  and  upon  the  extent  of 
its  saturation.     The  expression  for  curves  of  pressure 


-^    .Id  \  ».:    u  lit;   :iiii 

irccli\c'  \;iliK's   as   the  curves  which   t 
:ieir   rekilive  phase  positions  must  be 
^present  an  equal  amount  of  power, 
inusoids  of   curves   that  do  not  vary 
inusoidal  form  are  practically  the  sam 
lental  harmonic,  but  when  the  primai 
widely  from  the  sine  form  the   equivaL 
kely  to  differ  in  both  magnitude  and  po 
andamental  harmonic* 

31.  The  Effect  of  Capacity  in  a  Circu: 
ited  conductors  have  the  property  of  beir 
lectricity  in  its  static  form.  When  such 
onnected  to  a  source  of  a  different  potent 
rill  flow  into  or  from  it,  until  its  potentia 
s  that  of  the  source.  The  measure  of  t 
lectricity  which  is  held  by  the  conductor 
otential  is  its  Capacity,  and  the  C.G.S.  ui 
lay  be  defined  as  the  capacity  of  a  cor 
^ntains  a  unit  charge  of  electricity  whe 

ntial.      Th^  »"' — "* 


SELF-INDUCTION  AND   CAPACITY. 


79 


after  Faraday,  and  is  — -  times  as  large  as  the  C.G.S. 

unit  of  capacity.  The  farad  is  too  large  a  unit  of  capac- 
ity to  be  convenient  in  practice,  and  the  microfarad,  or 
millionth  of  a  farad,  is  commonly  used  as  the  unit  of 
measurement.  The  capacity  of  a  conductor  depends 
upon  its  conformation  and  surroundings.  The  term 
Condenser  is  applied  to  any  insulated  conductor  having 
an  appreciable  capacity,  although  it  is  more  strictly  used 
to  designate  a  combination  of  thin  sheets  of  conducting 
material,  insulated,  and  laid  together  with  the  alternate 
layers  connected  in  parallel.  In  the  following  discussion 
the  term  condenser  will  be  used  in  its  broader  sense. 

From  the  foregoing  is  at  once  derived  the  funda- 
mental relation  Q  =  sE,  where  Q  is  the  quantity  of 
electricity  in  coulombs,  s  the  capacity  in  farads,  and 
£  the  potential  in  volts. 

When  a  condenser  is  connected  to  a  source  of  alter- 
nating electric  pressure,  as  indicated  in  Fig.  34,  a  cur- 
rent will  flow  into  and  out  of  the  condenser,  the  value 


CONDENSER 


> 


ALTERNATOR 


Plfir.   34 


of  which  at  any  instant  is  proportional  to  the  rate  of 
change  of  the  active  pressure  (E^) ;  because  the  charge 
in  the  condenser  at  any  instant  is  proportional  to  the 
electrical   pressure  between  the  terminals  of  the  con- 


le  current  flowing  into  or  out  of  the  cc 
.  any  instant  the  condenser  current  (c.) 

de 

id  since,  when  the  alternating  pressur 
-  =  2  7r/J?_  COS  a,  where  e^  is  the  maxi 

:ting  on  the  condenser,  there  results 

r,  =  2  irfse^  cos  a, 

id  — ^=^^cosa  =  ^,. 

2irfs 

This  pressure,  which  is  in  phase  with  t 
irrent,  may  be  called  the  Capacity  Pre 
mser  Pressure.  It  is  90^  in  advance  of  th 
•e,  as  cos  a  =  sin  (a +90°).  That  it  must 
ay  be  readily  seen  from  the  reactions  tha 
rcuit.  When  a  sinusoidal  pressure  appl 
inals  of  a  condenser  is  rising,  a  current 
ndenser.    tk;*> 
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ance  in  the  circuit  the  current  takes  a  short  time  to  build 
up ;  however,  the  principle  remains  the  same  (Sect.  33). 
From  the  formula  for  instantaneous  current  in  the  con- 
denser the  maximum  current  is  seen  to  be, 

and  the  efifective  current 

C  =  2  irfsE^ 


32.  The  Energy  of  a  Charged  Condenser  and  its  Curves 
of  Charge  and  Discharge.  —  As  a  condenser  is  charged, 
a  certain  amount  of  work  is  done  in  raising  the  poten- 
tial of  the  charge.     During  the  time  dt  this  is  equal  to 

dW^Ecdt^Edq, 


or 


^-qdq, 


(in  which  jE"  is  a  constant  pressure  impressed  on  the 
condenser  terminals,  c  is  the  current  flowing  into  the 
condenser  at  the  instant  /,  and  q  is  the  final  charge  in 

the  condenser),  from  which,  by  integration,  W  =  \-  \q^. 

This  represents  a  certain  amount  of  work  which  is 
stored  in  the  condenser  when  its  charge  is  increased 

G 


V.     I.    1    » 


^-iihiL;"nctic   field,  but 
hari^e  is  truly  potential  and  analogous 
compressed  spring.      The  total  worl^ 
Liit,  containing  resistance  and  capacity, 
1  impressed  during  a  time  of  charge  dt^ 

ecdt  =  Rc^dt  4-  -qdq^ 

^hen  e^  c,  and  g  are  the  instantaneous 
5nt,  and  charge,  and  where  the  last  tei 
tored  in  the  charge  dg.  If  this  equation 
//  =  dg,  there  results  an  equation  of  pres 

s 

dt      s 

rom  these  equations  the  charge  at  any  i 
etermined  when   the  applied   pressure 
uring  charge;  and 
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solving  for  A'  when  /  =  o,  and  therefore  y  =  o,  there 

results  A^  =  —  sE  =  —  Q; 

t_ 

hence,  ^=  0(i  —  €   "). 

During  discharge  the  condenser  pressure  is  zero,  and 
therefore 

0=^+-?-' 

dt     Rs' 
from  which,  by  integration, 

\ogq=-^^  +  \ogA", 

t 

or  q  —  A^U  ^. 

Solving  for  -4"  when  /  =  o,  and  therefore  q=Q  (the 
total  charge),  there  results  -^"  =  Q\  hence. 

From  these  equations,  which  are  exactly  similar  to 
those  for  self-induction  (Sect.  21),  it  is  seen  that  the 
curves  of  charge  and  discharge  are  logarithmic  when 
an  unvarying  pressure  is  applied  to  the  system  (see 
Fig.  36  a  and  b).  In  many  cases  of  practice  Rs  is  so 
small  that  the  charge  and  discharge  of  a  condenser  are 
practically  instantaneous. 
33.   Time  Constant  of  a  Circuit  containing  Capacity. — 

In  these  equations  Rs  has  the  same  relation  as  —  in 

the  similar  equations  for  self-inductance  (Sect.  22),  and 
therefore  Rs  may  be  termed  the  time  constant  of  the 


(?-'/  =  -368  Q 


SECONDS 

Pifir.  36 
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34.  Equation  for  the  Current  in  a  Circuit  contain- 
ing Capacity  when  an  Alternating  Sinusoidal  Pressure 
is  applied.  —  In  the  case  when  a  sinusoidal  pressure  is 
impressed  upon  the  circuit  the  equation  of  pressure 

s 
may  be  differentiated,  giving 

de  ^  Rdc  ^■'^  =  Rdc  ^''^l 

s  s 

and  as  ^  =  ^„  sin  a,  there  results 

— -  '\-dc  =  ^cos  ada, 
Ks  K 

This  is  a  differential  equation  similar  to  that  for  self- 
induction  and  may  be  integrated  in  the  same  manner. 
The  formula  reduces  to  the  practical  form 

c  =  ^^     =  sin  (a  H-  <^')  +  Ae'^, 

where  0'  is  the  angle  by  which  the  current  is  in  ad- 
vance of  the  impressed  pressure.  The  tangent  of  <^' 
is  found  during  the  development  to  be  equal  to 

2Trfs 

(see  treatment  on  self-induction,  Sect.  24). 

The  exponential  term  Ae  ^  in  the  general  equation 
represents  the  irregularity  due  to  the  fact  that  the 
current  and  impressed  pressure  must  start  at  the  same 
instant.  That  the  term  must  usually  disappear  in  an 
indefinitely  short  time,  in  practice,  may  be  shown  as  in 
Sect.  25  in  a  similar  instance. 


;  the  ini]^c(];ince  or    apj)arcnt   rcsistan 

ic  reactance  due  to  capacity.     The  fi 
e  written      

rom  which  triangles  of  pressures,  simi 
nd  of  resistances  may  be  constructed 
nd*). 

Since  -r  -^  R  ^  tan  6', 

2'irfs 

x-_ E^ E  cos  <^ 

"ieVTTtanV""     R 

It  is  thus  shown  that  when  a  sinusoidal 
ire  is  impressed  in  an  electric  circuit,  hav 
,  the  current  is  also  sinusoidal,  and  lead 

y  an   angle  ^',  the  tangent  of  which  i 

^hich  is  therefore  inversely  dependent  upo 
1  the  circuit  and  the  frequency  of  the  im 
re:  the  may'*^''-^ 
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In  Fig.  35  suppose  the  line  OB  represents  -£*«,  the 
active  pressure  in  a  circuit  containing  a  condenser, 

CR 


R 

^^^=^ 

b 

1 

2r/S 

Pier.  37 
then  OC  laid  off  90°  in  advance  of  OB  and  equal  to 
£,  =  — '—  will  represent  the  capacity  pressure. 

The  resultant,  or  OD,  will  be  the  effective  impressed 
pressure  (E^. 

Ea 


PifiT.  38 

It  will  be  seen  from  this  figure  that  E^  leads  £*,  and 
is  shorter.  From  the  relations  shown  in  the  construc- 
tion, the  expression  Ef  =  V^",  -h  E,  may  be  formed,  and 
a  triangle  of  pressure  laid  off  as  in  Fig.  38,  where  the 
angle  c6a  shows  the  current  lead. 
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35.  Effect  of  Capacity  and  Self-Inductance  combinei 
in  a  Circuit,  and  the  Equation  for  the  Current  flowini 
when  an  Alternating  Sinusoidal  Pressure  is  applied.  - 

In  thf  prL'ceding  discussions  it  has  been  shown  tha 
the  instantaneous  pressure  of  self-induction  when  ; 
sinusoidal  pressure,  £",  is  applied  to  the  circuit  is 

-90°). 
while  the  in:  inser  pressure  is 

+  90°). 
It  is  therefr  ind  e,  are  directly  opposed, 

and  their  d  ress  the  eflfect  when  both 

are  in  a  circ 

C=- 


and  the  instantaneous  current  is 

c  =  sin  (a  —  ^")  +  Ae"^, 

in  which  0"  is  an  angle  whose  tangent  is 


In  tliis  case -J /^-i  ^  f  2  n/L ! )    's  the  impedanct 

and  \2TffL )    is    the    combined    reactance    o 

\  2  irfsJ 

self-induction  and  capacity. 

The  term  A^  '   may  be  shown  to  disappear  in  a  ver 
short  time,  as  has  been  done  in  the  similar  case  unde 
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self-induction,     t"  is  the  positive  diflference   between 
T  and  t'. 

Since         (2  irfL ^^  -i-  i?  =  tan  <^' ', 

the  active  pressure  will  be 

i?.  =  jFcos^". 

As  the  equations  are  similar  to  those  of  self-induction 
and  capacity,  triangles  of  pressure  and  resistance  may 
be  drawn  (see  Sect.  28). 

When  2irfL  is  greater  than  ,  the  angle  6"  is 

2TTfs 

positive,  and  the  current  lags  behind  the  pressure,  but 

when  is  greater  than  2  tt/Z,  the  angle  <^"  is  nega- 

27r/jr 

tive,  and  the  current  leads  the  pressure.  Finally,  when 
27r/L  = ,  the  angle  <^"  is  zero,  and  the  circuit  acts 

2TTfs 

towards  an  alternating  current  as  though  it  contained 
neither  self-induction  nor  capacity,  but  only  resistance  ; 
that  is,  the  self-induction  and  capacity  exactly  neutralize 
each  other.     In  this  case,  the  relation  between  L  and  s 

35  tf.  Effect,  on  the  Transient  State  in  a  Circuit,  of 
Self-Inductance  and  Capacity  combined.  —  When  an  in- 
ductive coil  of  inductance  Z,  is  included  in  a  circuit  of 
resistance  Ry  and  a  condenser  of  capacity  s,  is  shunted 
across  a  portion  of  the  circuit  of  resistance  r,  the  fol- 
lowing conditions  are  set  up  : 

The  condenser  is  charged  with  a  quantity  of  electricity 
Q  =  sCr,  where  C  is  the  steady  value  of  the  current. 
Now  if  the  impressed  pressure  be  suddenly  removed,  the 


.ti  11. V  ^.iim-  iinic  mc  sclt-indurtaiicc  \v 
lityot  rlcrlricity  lo  be*  transferred  thr 
in  the  opposite  direction,  which  is  equal 

LC 

Hence    the    total    quantity   of    electrii 
through  the  circuit  is 

c 

and  the  effect  of  the  condenser  is  to  apj 
the  self-inductance  by  an  amount  equal 
of  the  condenser  multiplied  by  the  squai 
ance  around  which  it  is  shunted. 

36.  Methods  of  measuring  Self-Induci 
considering  self -inductance  and  capacity, 
to  discuss  the  various  available  and  pra 
of  measuring  the  magnitude  of  the  indi 
cuits.  These  methods  are  based  upon  a 
the  unknown  inductance,  either  with  a  kni 
or  resistances ;  with  a  known  capacity :  or 
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gible  inductance.  This  may  be  gained  by  using  a 
straight  strip  of  German  silver,  or  thin  strips  bent  back 
on  themselves,  separated  by  thin  silk  or  oiled  paper 
for  insulation.  The  pressures  at  the  terminals  of  the 
standard  and  inductive  resistances  are  measured  by 
an  electrometer  or  by  a  high-resistance  voltmeter  of 
negligible  inductance.  Then,  if  the  impressed  pressure 
.  in  the  circuit  is  approximately  sinusoidal,  the  following 
relation  holds : 

E"  ~~CR  ' 

where  E^,  R^^  and  E,  R  are  the  respective  pressures  at 
the  terminals  and  the  resistances  of  the  inductive  and 
standard  resistances ;  C  is  the  current  flowing  through 
them ;  /  is  the  frequency  of  the  circuit ;  and  L^  is  the 
inductance  to  be  determined.     Hence, 

E^  _R^^A  i^pL^ 
E?'  R^ 

^1  is  measured  by  means  of  a  Wheatstone  bridge,  or  by 

some  other  usual  method,  and  /  is  determined  from  the 

speed  and  number  of  poles  of  the  alternator  producing 

the  pressure.     The  measurement   of   pressure   at   the 

temiinals  of  the  non-inductive  resistance  is  equivalent  to 

measuring   the  current  which  flows   through  the  non- 
17 

inductive    resistance;    for    C=   -•     Substituting  C  for 

E  .  . 

~  in  the  expression  for  L  gives 

R 


2  irfKCR 


?-)'• 
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The  current  may  be  measured  by  an  electrodynamome- 
ter,  instead  of  taking  the  pressure  at  the  terminals  of  a 
standard  known  resistance. 

A  modification  of  this  method  may  be  used  to  deter- 
mine the  working  inductance  of  alternator  armatures. 
Thus,  first  measure  the  pressure  at  the  terminals  of  the 
alternator  who  it  and  normally  excited. 
This  measurer  ide  by  a  h igh- res i stance 
voltmeter  of  n  incc,  such  as  a  Weston 
voltmeter  for  i  :nts,  a  Cardew  voltmeter 
with  a  consider  /e  resistance  in  scries,  or 
some  type  of  e  neter.  The  latter  follow 
in  general  the  Thomson  (Kelvin)  quad- 
rant electrometei,  „_. <^  mstructed  as  to  be  port- 
able and  direct  reading.  If  the  armature  current  does 
not  have  too  great  a  demagnetizing  effect  on  the  field, 
the  open  circuit  pressure  may  be  taken  as  the  total 
pressure  which  acts  when  the  armature  is  connected  to 
a  circuit ;  that  is,  it  is  the  impressed  pressure.  Hence, 
connect  the  armature  to  a  load  composed  of  a  known 
resistance  with  negligible  or  known  constant  induct- 
ance, and  measure  the  current  which  flows.     Then 

c^      _^     _ 

if  the  curves  of  pressure  and  current  are  approximately 
sinusoidal.     From  ttiis  tile  inductance  in  the  circuit  is 


found  to  be 


flp  -  OR^i 


If  the  load  be  an  inductive  resistance,  the  value  of  the 
armature  inductance  is  found  by  subtracting  the  known 
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load  inductance  from  the  circuit  inductance  as  deter- 
mined above.  For,  the  inductive  pressure  of  the  load 
is  2  7r/Zr'Cand  that  of  the  armature  is  2  7r/Z"C,  while 
the  total  inductive  pressure  is  2  tt/ZC,  which  is  equal  to 
the  sum  of  the  other  two.     Hence, 

2  7r/ZC=2  7r/(Z:'  +  Z")C; 
and  Z"=Z-Z:'. 

If  the  armature  reactions  of  the  machine  thus  tested  be 
considerable,  the  value  of  the  inductance  given  is  too 
great,  but  in  their  effect  upon  regulation,  armature  re- 
actions and  inductance  are  inextricably  mixed,  and 
therefore  cannot  be  entirely  separated. 

This  method  of  measuring  inductance  is  a  conven- 
ient one,  as  the  instruments  used  are  an  electrodyna- 
mometer,  or  other  amperemeter  reading  effective  cur- 
rents, and  a  voltmeter  reading  effective  pressures,  which 
are  portable  and  may  be  used  where  convenience  dic- 
tates. The  result  given  by  this  method  is  the  actual 
working  inductance,  which  is  an  important  feature  when 
the  circuit  contains  iron  and  the  inductance  therefore 
depends  upon  the  volume  of  the  testing  current.  On 
the  other  hand,  the  accuracy  of  the  method  is  not  great. 
Under  the  most  favorable  circumstances  an  accuracy  of 
two  or  three  per  cent  is  attainable.  This  is  sufficiently 
close  for  many  purposes  where  the  method  may  be 
advantageously  used.* 

2.  Comparison  with  Resistafice  by  Bridge  (Method  of 
Maxwell  and  Rayleigh).  The  coil  of  unknown  self- 
inductance  L  and  resistance  R  is  placed  in  one  arm  of 


♦  Compare  London  Electrician^  Vol.  ^-^^  p.  6. 
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a  bridge  (Fij^,  39).     The  other  resistance  arms  of  the  i 
bridge  are  non-inductive  and  of  values  A,  B,  and  R'.\ 
The  bridge  is  first  balanced  in  the  usual  way  to  dcM 
mine  the  resistance  R.     With  the  balance  for  consta 
currents  retained,  the  galvanometer   key  is    depresM 
before  the  battery  key.     This   causes  a  throw  of  the  t 
galvanometer  1  ;  pressure  of  self-induct- 

ance or  reactar  the  coil.     When  C  is  the 

current   in   the  ity  of  electricity  passed 


Pig.  3S 


through  the  bridge  coils 
divided  by  the  resistance 
Sect.  19).  The  flow  of 
and  R',  in  series  with  the 
plus  B  in  parallel  with  G, 
the  galvanometer.     The 

therefore  R  +  R'  -^  ^id± 

G  +  A 

tricity  in  coulombs  which 


due  to  this  pressure,  is  LC 
of  the  bridge  network  (see 
this  electricity  is  through  R 
divided  circuit  made  up  of  A 
where  G  is  the  resistance  of 
resistance  of   the  network  is 


and  the  quantity  of  elec- 
es  through  the  circuit  i^ 
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Q  = 


LC 


G  +  A  +  B 


The  proportion  of  this  which  passes  through  the  galva- 
nometer is 

GjA  +  B)  (A+B)Q 

^•<^=G  +  A+B-^'°'^  =  G  +  A  +  B' 

provided  the  galvanometer  needle  does  not  move  appre- 
ciably until  the  impulse  is  past  (Sect.  2o).     Hence, 


^  = 


LC 


A+B 


i?  +  i?'  + 


G{A+B)      G-hA+B 
G  +  A  +  B 


^Ksin^e, 


where  K  is  the  ballistic  constant  of  the  galvanometer. 
Now  the  balance  for  steady  currents  is  disturbed  a 
small  amount  by  the  introduction  of  a  small  resistance 
r  in  the  bridge  arm  with  R,  Suppose  C  is  the  current 
which  now  flows  through  R ;  the  effect  of  the  disturbance 
of  the  balance  is  the  same  as  though  a  steady  electric 
pressure  CV,  opposed  to  the  battery  pressure,  had  been 
introduced  into  the  arm  R.  The  current  flowing  through 
the  galvanometer  on  this,  account  is 


c.= 


£r A  +  B 

j^  +  ji>+G(A  +  B)J'G  +  A  +  B- 
G  -\-  A  +  B 


K'S, 


where  AT'  is  the  galvanometer  constant  for  steady  cur- 
rents and  S  the  deflection.     From  these  two  equations 

of  flow,  we  get 

Cr  ^      CL 

K'h     K  sin  \  & 


L 
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When  the  galvanometer  is  sensitive  and  r  is  made  very 
small,  the  difference  between  C  and  C  becomes  small 
and  their  ratio  becomes  sensibly  equal  to  unity,  whence 
i=-7^,  ])i(i"^'''^  ♦'">  ^""^itic  throw  is  sufficiently 
small.     Since  aals  ~ —  (Vol.  I.,  pp.   17 

and  39),  this  1  L=^ 


.c 


2irh 


When    -  ca  ed  as  unity  its  value  may 

evidently  be  ta  — - — .    It  is  evident 

that  a  dead  be<iL  r  cannot  be  used  in  this 

work.* 

3.  Com/virisffft  of  Tiuo  Sclf-lndiictattccs  by  Bridge 
(Maxwell's  Method).  The  two  inductive  resistances 
having  self-inductances  L  and  L'  are  connected  in  two 
arms  of  a  bridge,  together  with  variable  resistances 
which  are  non-inductive  (Fig.  40).  We  will  call  the 
resistances  of  these  arms  R  and  R' .  The  other  arms 
of  the  bridge  are  non-inductive  and  of  values  A  and  B. 
First  balancing  the  bridge  in  the  usual  way  for  steady 
currents,  the  proportion  R  :  R'  =  A  :  B  is  given.  Now 
the  galvanometer  key  is  depressed  before  the  battery 
key,  and  if  the  ratio  of  the  impedances  of  the  inductive 
arms  is  not  equal  to  the  ratio  of  A  and  B,  the  gaJ- 
vanometer  needle  will  throw.  K  and  R'  must  then  be 
adjusted  until  a  balance  is  obtained  for  transient  cur- 
rents.    This  being  done,  the  balance  for  steady  currents 

•  Sec  Gerard's  l.t(en,  j«r  T PMilricif,,  jd  erf.,  Vol.  I.,  p.  322,  (nd  Goif* 
Absolult  Mtaiureminls  in  EUilricily  and  Afagnilism,  Vol.  II,,  p.  4J7, 
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must  again  be  gained  by  adjusting  A  and  B,  This 
will  again  disturb  the  balance  for  transient  currents, 
which  must  be  adjusted  by  changing  R  and  R\  This 
process  of  trial  and  approximation  is  repeated  until  the 


PlfiT.  4o 

balance  exists  for  both  steady  and  transient  currents, 

when      

47r2/.2 

^2 


4 


/?2  + 


4  7r2/,2 


T^  A 

=  —,  or 


ye2  + 


7"2 


v;?^^^  "   ^"-Hi^  ^ 


But 


Hence, 


Z'2     ^■J'  "''  /.'     ;ff' 


Various  modifications  of  the  bridge  arranj:;cment  have 
been  made   in  order  to  facilitate  the   balancing,  but 
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under  the  best  circumstances  the  process  is  a  laborious 
one." 

3(7.  (Ayrton  and  Perry's  Standard  Inductance.)  The 
annoyancf.s  incident  to  making  the  adjustments  re- 
quired in  the  preceding  method  may  be  eliminated  by 
making  the  sta-"'''"'  ""''^  -"  "djustabJe  self-inductance. 
In  this  case,  tl  inced  for  steady  currents 

by  adjusting  A  lalance  for  transient  cur- 

rents is  then  J  Itering  any  of  the  resist- 

ances by  adjiii  if  L'.     This  being  done, 

we  have  as  bef  is  method  has  been  quite 

fully  developed  Ayrton  and  Perry.f  who. 

following  the  n;  'essor  Hughes  and  LoRta 

Rayleigh,  designed  a  very  satisfactory  inductance  stand- ^ 
ard.  This  consists  of  three  coils,  two  fixed  side  by 
side  and  the  third  mounted  so  as  to  rotate  within  the 
others  (Fig.  41).  Calling  the  rotating  coil  A  and  the 
others  B  and  C,  evidently  four  arrangements  can  be 
made;  thus,  A  may  be  connected  with  B  alone,  (T alone, 
B  and  C  in  unison,  or  B  and  C  in  opposition.  Each  of 
these  arrangements  gives  a  maximum  inductance  when 
coil  A  lies  within  the  plane  of  coils  B  and  C  and  the 
field  due  to  its  current  reinforces  that  due  to  the  fixed 
coils.  A  smoothly  graded  variation  of  the  inductance 
may  then  be  gained  by  revolving  coil  A  until  a  mini- 
mum value  for  the  arrangement  is  reached  with  A  at 
180°  from  its  preceding  position.     By  means  of  a  prop-  ^ 


•  Miiiveirs  F.lfitricily  and  Mag'irliii 

Absolute  AfiasHrrminIs,  Vol.  II..  p.  455- 

t  See/our.  InU.  E.  E.,  Vol.  l8,  p.  2< 


.,  Vol.  II.,  p.  367;  Gnj 
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erly  graduated  circle  the  value  of  the  inductance  may 
be  directly  indicated  for  any  position  of  A  in  either 
arrangement.  If  the  ratio  of  the  resistances  of  the  un- 
known coil  and  the  inductance  standard  does  not  give  a 
value  of  —  which  brings  the  required  value  of  L'  within 
the  range  of  the  standard,  some  non-inductive  resistance 


Flc.  41 


niay  be  included  in  one  of  the  arms  Ji  or  R'.  Thus, 
suppose  the  unknown  inductance  to  be  nearly  ten  times 
as  great  as  the  highest  value  of  the  standard,  then  ad- 
justing the  resistances  of  K  and  R'  so  that  —^  is  greater 

A      L  ^ 

than  10  makes  -5  =  77  greater  than  10,  and  the  range  of 

the  standard  inductance  is  sufficient.    A  somewhat  sim- 


9o0' 
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Uar  standard  may  be  readily  made  by  using  two  sole- 
noids that  telescope  each  other. 

4.  Compiirison  with  a  Known  Capacity.  In  the  case 
of  condensers,  the  capacity  may  be  said,  in  general,  to 
be  indtipendeiit  of  the  charge,  that  is,  the  capacity  is  con- 
stant.    The  ch ' -'~^se^  (that  is,  the  quantity 

of  electricity  h  l  directly  proportional  to 

the  difference  t  ecn  its  plates;  and  if  the 

condenser  has  ;  its  terminals  a  transient 

electric  pressui  itrging  is  proportional  to 

the  rate  at  wh.  1  changes.     That  is,  the 

current  flowing  r  is  proportional  to  the 

rate   of   cliaiigt  jre   impressed    upon   it. 

Therefore,  as  the  pressure  nses  the  current  is  flowing 
in  a  positive  direction,  and  when  the  pressure  reaches 
its  maximum  the  current  ceases.  The  phase  of  the 
charging  current  is  consequently  90°  in  advatice  of  the 
phase  of  the  pressure  impressed  at  the  condenser  termi- 
nals. If  the  condenser  is  shunted  around  a  non-induc- 
tivu  resistance,  the  charging  current  is  90°  in  advance  of 
the  active  pressure  which  causes  current  to  flow  through 
the  resistance  around  which  the  condenser  is  shunted. 
In  this  respect  a  capacity  is  exactly  the  opposite  of 
an  inductance.  If  a  conductor  be  shunted  by  a  ca- 
pacity, the  quantity  of  electricity  transferred  in  charging 
the  condenser  during  a  transient  current  is  evidently 
Q  =^  sE  =  sCR,  where  s  is  the  capacity,  R  the  resist- 
ance of  the  conductor,  and  C  the  current  flowing  through 
the  latter.  This  quantity  causes  an  apparent  increase 
in  the  current  passing  through  the  conductor,  and  there- 
fore an  apparent  decrease  in  the  resistance  of  the  con 
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ductor  (see  Sect.  31).     Here  again  the  property  of  capac- 
ity is  opposed  to  that  of  inductance,  which  when  placed 
in  a  circuit  increases  its  apparent  resistance  to  a  tran- 
sient current.      It  is  therefore  possible  to  practically 
neutralize  the  effect  of  inductance  by  placing  a  proper 
condenser  in  circuit  with  it.     If  the  inductance  varies 
with  the  current,  the  capacity  required  for  neutraliza- 
tion will   also   depend   upon   the   current.     Therefore, 
when  alternating   currents  are  used,  the  neutralization 
may  be  complete  for  the  integral  of  the  current  taken 
over  a   full   period,   while  the  neutralization  is  by  no 
means   complete   at   any  instant.      The  latter  can  be 
effected  only  by  making  a   condenser  with  a  capacity 
which  varies  with  the  charge  in  the  same  way  as  the 
inductance  varies  with  the  current. 

These  relations  between  the  effects  of  a  capacity  and 
of  an  inductance  lead  to  several  methods  of  measuring 
the  value  of  one  in  terms  of  the  other.  The  original 
method  suggested  by  Maxwell  *  is  as  follows :  The 
unknown  inductance  is  placed  in  the  arm  R  of  a  bridge ; 
the  known  capacity  is  shunted  around  a  variable  non- 
inductive  resistance  in  arm  B ;  and  the  arms  R^  and  A 
are  variable  non-inductive  resistances  (Fig.  42).  By  a 
process  of  trial  and  approximation  similar  to  that  of  the 
third  method,  a  common  balance  is  obtained  for  both 
steady  and  transient  currents,  when  L  =  R'As  =  RBs, 
This  is  proved  as  follows :  When  balance  exists  for 
steady  currents,  RB  =  R'A,  while  balance  for  transient 
currents  also  requires  that  at  every  instant 

^Electricity  and  Magnetism,  2d  ed.,  Vol.  II.,  p.  387. 
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Ac.  =  ec.  and  ^>+^<-, 


'/I'c^ 


I 


The  charging  current  of  the  condenser  when  balance 
exists,  is 

sBdf.     sAdr. 


Whence 


-?  +  RBc^  =  R'Ac„  +  - 


nee  R'A  -  RB  =  o,  this  becomes  L  =  R'As  =  RBs. 
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The  correctness  of  this  formula  may  also  be  seen  from 
the  fact  that  balance  for  transient  currents  only  holds 
when  the  quantity  of  electricity  transferred  through  the 
non-inductive  half  of  the  bridge  is  increased  by  the 
condenser  by  an  amount  equal  to  the  deficit  which  is 
caused  by  the  inductance  in  the  other  half  of  the  bridge 

times  — ,  or  G  =  ^^^  =  -^  x  —  x  ^ ;   hence,  L  =  RBs,^ 
R  R       R     R 

The  formula  L  =  RBs  may  be  written  -—  =  Bs^  which 

shows  that  the  time  constants  of  the  branches  of  the 
bridge  which  contain  the  inductance  and  capacity  must 
be  equal  when  the  transient  balance  is  obtained. 

4^.  (Pirani's  Modification.)  To  avoid  the  annoyances 
incident  to  the  adjustment  of  a  simultaneous  balance 
for  steady  and  transient  currents,  the  following  modifi- 
cation of  the  fourth  method  is  advantageous. 

The  three  branches  Ay  B,  R'  of  the  bridge  contain 
non-inductive  resistances  only.  The  fourth  branch  con- 
tains the  inductive  resistance  in  series  with  a  non- 
inductive  resistance  r  (Fig.  43).  The  condenser  is 
shunted  around  the  latter.  The  balance  for  steady  cur- 
rents being  obtained,  the  balance  for  transient  currents 
is  gained  by  changing  the  connections  of  the  condenser 
so  as  to  alter  that  portion  of  r  which  is  shunted  by  the 
condenser.  Then,  if  /  is  the  value  in  ohms  of  that 
portion  (Fig.  43),  L  =  sr^^.  For,  to  give  a  balance  for 
transient  currents  the  charging  current  of  the  con- 
denser must  be  equal  and  opposite  to  the  effect  of  the 
inductance  in  the  circuit.      Hence,  if  x  represent  the 

♦  Hospitalier*!  Traiti  de  Vinergie  ^Uctrique^  Vol.  I.,  p.  469. 
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eter  terminals  between  each  closing  and  opening.  The 
closing  and  opening  of  the  battery  circuit  (or  what 
is  equivalent,  the  reversal  of  the  battery)  may  be 
effected  in  synchronism  with  the  reversals  of  the  gal- 
vanometer by  means  of  two  commutators  mounted  upon 
a  rotating  shaf-  TIiIe  ;=  in  effect  the  device  designed 
by  Professors  ry,  and  called   by  them 

a  Secohmmetei 


Fig.  44.  The 
variable  in  duel 
Fig.  45.  Whe; 
an  inductance, 
capacity,  the  vt 


diagrammatically 
a  bridge  with  standard 
immeter  arc  shown  in 
.er  is  used  in  comparing 
her  inductance  or  with  a 
the  commutators  rotate 
docs  not  afft-ct  the  result, 
except  to  vary  the  sensibil- 
ity of  the  test,  provided  that 
time  is  given  between  the 
reversals  for  the  current  to 
rise  to  its  full  value.  This 
is  evident  from  the  fact  that 
the  total  quantity  of  elec- 
tricity moved  under  the  in- 
fluence of  self-inductance 
depends  only  upon  the  integral  taken  over  the  current- 
curve  from  zero  to  C,  and  from  C  to  zero,  and  time 
does  not  enter  as  a  factor  of  this  total  quantity.  When, 
however,  the  secohmmeter  is  used  in  the  second  method, 
where  an  inductance  is  compared  with  a  resistance,  the 
number  of  reversals  enters  directly  as  a  factor  of  the 
ult.  The  expression  for  the  inductance  is  then 
"our.  /ait.  £.  £.,  Vol.  18,  p.  284;  Electrical  iVBrld,\ (A.  13, p. 232. 


FIff.  44 
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where  /3  is  the  deflection  when  the  secohmmeter  is 
rotated  at  V  revolutions  per  second,  and  the  bridge 
is  balanced  for  steady  currents,  while  S  is  the  galvanom- 
eter deflection  for  steady  currents  when  the  balance  is 
disturbed  by  altering  B  to  B  -{-  r.  >&  is  a  constant  de- 
pending upon  the  relative  angular  positions  of  the  two 
commutators,  and  can  be  determined  by  calibration. 


Pigr.  45 

When  the  secohmmeter  is  used,  the  galvanometer 
may  always  be  dead  beat,  which  gives  an  additional 
advantage  to  its  use  in  the  methods  where  it  is  re- 
quired to  read  the  galvanometer  deflections  for  tran- 
sient currents. 

38.  The  Effect  of  a  Varying  Permeability  in  an  Alter- 
nating-Current Circuit.  —  In  the  theoretical  discussion 
of  this  chapter,  the  counter  electric  pressure  in  an  clcc- 
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trie  circuit  due  to  self-induction  has  been  taken  equal  to 

—r — ,  L  being  taken  proportional  to  the  permeability  of 

the  magnetic  circuit.  Thus,  if  c^  and  ij  are  the  counter 
electric  pressure  and  self-inductance  of  an  electric  cir- 
cuit without  an  iron  core,  the  formula  gives 


\ 


\ 


Now,  if   fj  and  mtcr  pressure  and  self- 

inductance  for  in  iron  core  is  within  the 

circuit,  the  fom 

LTftC 
"ST" 

where  /*  is  the  permuabiJity  of  the  magnetic  circuit 
{compare  Sect.  i6).  The  formula  c^  =  —n-  is  really 
incorrect,  since  jii  varies  with  C,  so  that  it  should  be 

,/(/.,0     I.^dti^C)     I         dr.\     dC 
''-^dT'  ^'",11        Y-^'-dcr'Ti 

In  using  the  formula  (■.,=    "r— ==  l^f-,—r  we  have  omitted 

'       at  ^  at 

the  effect  on  the  counter  electric  pres5>ure  of  self-induc- 
tion, which  is  caused  by  the  rate  of  change  of  permea- 
bility with  the  current.  The  magnitude  of  this  is 
represented  by  the  term 

dC     dl    '  ""^  \tidc)    \dt)' 
In  general,  it  may  be  said  that  —,~-  is  small  compared 
witli  fi,  for  the  values  of  the  induction  in  iron  which 
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are    ordinarily    used    in    practice,    and    — ^^  is    quite 

fAdC 

small  compared  with  unity.     Under  some  practical  con- 
ditions  it  is  possible  that  —^  may  be  as  great  as  ^  or  ^ 

of  the  value  of  ft,  but  this  is  not  common.     The  for- 
mulas as  they  have  been  worked  out,  therefore,  may  be 
accepted   as  indicative  of  the  action  in  such  circuits 
containing  iron  cores  as  are  likely  to  be  met  in  actual 
alternating-current  machinery.      The  definition  of  self- 
inductance  adopted  by  the  Chicago  Electrical  Congress 
takes  into  account  the  variability  of  /i. 

39.  The  Power  expended  in  a  Circuit  on  which  a 
Sinusoidal  Alternating  Pressure  is  impressed.  —  If  the 
circuit  be  without  inductance  or  capacity  the  current 
wave  agrees  in  phase  with  the  pressure  which  sets  it  up. 
The  rate  of  expenditure  of  energy  in  the  circuit  at  any 
moment  is  equal  to  the  product  of  the  corresponding 

• 

instantaneous  current  and  pressure.  The  average  rate 
of  expenditure  of  energy,  or  the  average  value  of  the 
power  expended,  in  the  circuit  during  a  complete  period 
is  equal  to  the  average  of  all  the  instantaneous  prod- 
ucts.   Or, 

IV  =  ^S    cc.  but  e  =  r-  sin  a  and  r  =   ' » 

where  T  is  the  time  of  a  complete  period  and  e^  is  the 
maximum  instantaneous  pressure  ordinate  ;  hence, 

lV=±.^^ce  =  ^\     sin2  ada  =  ---» 


but         E=:-^  and  C  =  ^=_i:=L_. 

V2  ^      y/2R 


^^^^^^^^^^^^^^^^^^^^^^^H 

^^^^^I^^H^^^^I 
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Hence,                       ^^1r^^^' 

C  and  E  being  the  effective  values  of  the  current  and 

pressure. 

If  the  circuit  under  consideration  is  reactive,  the  cur- 

rent is  caused  to  Ian  hehind  nr 

ead  the  pressure  by  the 

angle  ^.     The  ■ 

re  of  energy  in  the  cir- 

cuit  at  any  inst; 

tiil  equal  to  the  product 

of  the  corTL-spc 

eous  values  of  the  cur- 

rent  and  pre s si 

ession    for   the   average 

power  expeiuleti 

therefore,  as  before, 

In  this  case,  however,  e  =  e^  sin  a,  and  c  =  -j  sin  {a  T  0) 
(Sect.  24),   where  /  is  the   impedance   of   the   circuit. 


W=CEza%^ 
Assuming  the  current  and   pressure  curves  to  have 

•  Coni[)arc  Picou's  Machine  Dyiuima  P.l/ilriiiues,  p.  i6l :  Gtrard'i 
(fOMi  lur  l'Al/,lricitf.  3<1  eJ.,  Vol.  1.,  p.  224;  Kapp'a  AUtrnating  Cur- 
iHti  of  EUitricily,  p.  46;  clc. 
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equal  positive  and  negative  loops  (Sect.  80),  the  expres- 
sion thus  derived  for  the  power  expended  in  a  circuit 
during  one-half  period  applies  to  every  half  period,  and 
therefore  to  continuous  operation.    In  the  ordinary  meas- 
urement of  current  and  pressure  the  effective  values  of 
the  quantities  are  determined.     Consequently,  the  prod- 
uct of  amperes  and  volts^  thus  determined,  does  not  rep- 
resent the  power  expended  in  a  reactive  circuity  but  the 
product  must  be  multiplied  by  the  cosine  of  the  angle  of 
lag.    On  the  other  hand,  a  Wattmeter,  that  is,  an  elec- 
trodynamometer  with  one  coil  of  low  resistance  con- 
nected in  series  with  the  circuit  and  another  coil  of 
high  resistance  connected   in  shunt  with  the  circuit, 
averages    the    instantaneous    products,    and    therefore 
gives  readings    that   are   directly   proportional  to  the 
power  absorbed. 

M.  Method  for  Measuring  the  Angle  of  Lag.  —  We 
have  here  a  ready  method  for  determining  the  angle  of 
Jag  of  the  current  flowing  in  a  circuit.  Measure  the 
current  flowing  in  a  circuit  by  an  electrodynamometer ; 
measure  the  pressure  at  its  terminals  by  an  electrostatic 
voltmeter  or  some  type  of  non-inductive  voltmeter  of 
ver)'  high  resistance.  Finally,  measure  the  power  ab- 
sorbed in  the  circuit  by  means  of  a  wattmeter  the  press- 
ure coil  of  which  is  non-inductive  and  of  very  high 
resistance.  The  power  in  watts  determined  by  the 
wattmeter  when  divided  by  the  product  of  volts  and 
amperes  gives  the  cosine  of  the  angle  of  lag.  If  the 
curves  of  current  and  pressure  are  of  irregular  form 
this  measurement  will  give  the  angle  of  lag  between 
the  equivalent  sine  curves  (Sect.  30).      We  will   later 
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take  up  tin;  effect  of   inductance  in  the  pressure  coil 
of  the  wattmeter  {Sect.  45)- 

41.  Blakesley's  Graphical  Proof. — Btakesley  has  given 
a  neat  proof  of  the  formula  if  =C£ cos tf>'  Returning 
to  the  graphical  representation  of  alternating  pressures 
or  currents  by  means  of  rotating  lines,  let  AS  and  AC 
(Kig.  46)  repn  y  the  maximum  value  of 


yB 

E'  / 

^\^^  \  E -/■ "yC 

X'  ^^  C^f  X 


the  impressed  electric  pressure  in  a  circuit  and  the 
maximum  value  of  the  resulting  current.  The  angle 
BAC  is  the  angle  of  lag.  If  the  Hnes  rotate  about  the 
point  A,  counter-clockwise,  the  instantaneous  projec- 
tions of  the  lines  A/i  and  ^Cupon  the  axis  of  Y  repre- 
sent   the    instantaneous    values    of   the    pressure   and 


•  Bllkcsley'a  AllaiMtiiij;  Currenli  o]  EliLtrUily,  ad  ed.,  p.  6, 
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current,   when  a  is  measured  from  the  X  axis.     It  is 

therefore  desired  to  determine  the  average  value  of  the 

products   of  these   projections.     Draw  AB'   and   AC 

respectively  perpendicular  and  equal  to  AB  and  AC. 

These  lines  represent  the  positions  of  AB  and  AC  after 

revolving  through  90°.     In  the  figure  the  angle  BAJC 

represents  a,  and   CAX  represents   a—  (f>.     Also  the 

angle  B'Ajy  =  BAX,  and  CAE'  =  CAX.     It  is  then 

seen  from  the  figure  that 

AExAD  =  AC  sin  CAX  x  AB  sin  BAX, 

or  ce  =  c^  sin  (a  —  ^)  x  e^  sin  a ; 

and  in  the  same  way 

AE  X  AD'  =  AC  cos  CAE  x  AF  zo%EAD\ 
or  cfe'  =  c^  cos  (a  ~  </>)  x  e^  cos  a. 

The  mean  of  these  expressions  is 

CC  4-  (^  c^        C   € 

=  -!!^-^  [sin  a  sin  (a  —  <^)  -f  cos  a  cos  (a  —  </>)] 

=  ^  cos  {a-(a--  <^)]  =  ^-^cos  ^  =  CEcos(f>. 

This  is  the  expression  for  the  mean  of  the  products 
of  e  and  c  for  two  values  of  a  which  are  90°  apart. 
This  mean  value  is  independent  of  the  positions  of  the 
lines  in  the  figure,  and  is  therefore  the  mean  for  all 
positions.* 


•The  maximum  power  that  can  be  expended  in  an  inductive  circuit 
*hcn  a  given  pressure  is  applied,  may  be  shown  thus :   /F  =  C£  cos  0, 

tod  since   cos^  =  — ,  where   /  is   impedance,  and    C  =  -,  there  results 


I 


This  is  a  maximum  when  R  —  2  vfL.  Hence,  ^  =  45^, 
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Tower  loops  or  curves  may  be  plotted  as  in  Figs.  . 
to  50,  the  ordinates  of   which   represent  the  produc 

of  the  corresponding  ordinates  of  the  current  and  pres 
ure  cun'es.  Figure  47  shows  the  power  loops  for  a  no 
inductive  circuit  in  which  the  pressure  and  current  1 
verse  their  -i )•■'"•»;'>"=  ■>'  *><•■  same  time,  and  the  t 


ordinates  are  therefore  always  positive  but  their  numt 
ical  value  varies  in  each  half  period  from  o  to  (-_<•_  ar 
back  to  o,  so  that  the  power  absorbed  by  the  circu 


and  Ihc  p 


1  for 


er  factor  19  7O.7  per  cent.  Ihis  expression 
|>owei  is  of  110  practical  impoitance,  as  in  the  operation  of  electrical  c 
cuits  and  tnachinery  the  highest  possible  operating  efliciency  or  fla 
rjfifirncy  is  usually  desired.  A  high  plant  efficiency  is  incompatible  wi 
a  loiv  power  factor. 
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varies  continually  during  each  half  period.  In  this  case 
^  =  0,  cos<^=i,  and  the  average  power  is  W=CE. 
Figure  48  shows  the  power  loops  for  a  reactive  circuit 
in  which  the  angle  of  lag  is  45°.  This  may  be  taken  to 
equally  represent  the  condition  when  the  current  leads 
or  lags.  It  will  be  seen  in  this  case,  that  during  a  por- 
tion of  each  half  period  the  current  and  pressure  are  in 
opposite  directions,  and  some  of  the  ordinates  of  the 


Fig.  48 

power  loops  are  therefore  negative.  This  must  always 
be  the  case  when  the  current  and  pressure  do  not  coin- 
cide in  phase.  During  the  portion  of  the  half  period  in 
which  the  ordinates  of  the  power  loop  are  positive  the 
circuit  absorbs  power,  but  during  the  portion  in  which 
the  ordinates  are  negative  the  circuit  gives  out  power 
which  was  stored  as  magnetic  field  or  condenser  charge, 
and  returns  it  to  the  source.  The  total  energy  given  to 
the  circuit  during  the  half  period  is  equal  to  the  differ- 
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ence  of  that  represented  by  the  positive  and  negative 
loops,  and  the  average  power  absorbed  by  the  circuit  is 
equal  to  this  difference  divided  by  the  length  of  the  half 
period.  When  <!>  =  45°,  IV  =CE  cos  4.^°  =  . 70?  CE.  Fig- 
ure 49  shows  the  power  loops  for  a  circuit  in  which  the 
current  and  pressure  differ  in  phase  by  90°.  In  this  case 
the  negative  to  the  positive  ones,  or 

the  circuit  an  tely  give  and  take  equal 


Fig.  '. 


amounts  of  energy,  so  that  taking  each  half  period  as  a 
whole,  no  power  is  absorbed  by  the  circuit.  In  this 
case  cos  ^  =  o,  and  therefore  IV—  o. 

42.  Definition  of  Power  Factor.  —  The  product  of  the 
effective  values  of  the  current  and  pressure,  C£,  in  a 
reactive  circuit  is  called  the  Apparent  Energy  or  Ap- 
parent Watts  in  the  circuit.  The  reading  of  a  watt- 
meter applied  to  the  circuit,  which  gives  the  value  of 
CEcos<l>,  gives  the  True  Energy  or  True  Watts  in  the 
circuit.     The  ratio  of   the   true  watts   to  the  apparent 
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watts  in  a  circuit  is  generally  called  the  Power  Factor, 
as  originally  suggested  by  Fleming.  The  power  loops 
for  a  circuit  are  exactly  symmetrical,  provided  the 
original  current  and  pressure  curves  are  sinusoids 
(Figs.  47  to  49).  When  the  pressure  and  current  are 
in  unison  of  phase  the  average  ordinate  of  the  power 
loops  is  equal  to  one-half  of  the  maximum  ordinate, 
since  the  maximum  ordinate  is  equal  to  c^e^  and  the 

C   € 

average  ordinate   is   equal   to   CE^  ''^-^.     When   the 

original  curves  are  not  in  unison  of  phase,  the  average 
power  ordinate  is  equal  to  one-half  of  the  difference 
between  the  maximum  positive  ordinate  and  the  maxi- 
mum negative  ordinate.*  When  the  current  and  press- 
ure curves  are  not  sinusoids,  the  power  loops  are  not 
symmetrical  and  the  average  power  ordinate  does  not 
necessarily  depend  at  all  upon  the  maximum  ordinate 
(Kig.  50).  It  is  evident ,  from  the  power  loops  that  the 
torque  on  an  alternator  armature  which  is  delivering 
current  to  a  circuit  varies  from  zero  to  a  maximum 
value  which  is  much  greater  than  the  average.  The 
torque  on  a  continuous-current  machine  is  uniform,  and 
the  armatures  of  alternators  are  therefore  subjected  to 
severer  strains  than  are  continuous-current  armatures. 

43.  Wattless  Current. — The  preceding  expressions 
show  that  the  energy  expended  in  an  inductive  circuit  is 
equal  to  the  effective  value  of  the  impressed  pressure 
and  a  component  of  the  current  which  is  in  phase  with 
the  pressure,  and  has  a  value  of  Ccos<^.  This  may  be 
called  the  Active  or  Working  Current.     The  remaining 


*  Fleming's  A l^frna/g  Current  Tyamfonner^  Vol.  I.,  p.  124. 
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component  of  the  current  does  no  work,  and  therefo 
must  be  in  quadrature  with  the  pressure.  This  gives 
a  vahie  of  Ccos(0 +  90")=  Csin<^.  This  componen 
which  does  no  work  during  a  full  period,  is  often  calle 
the  Wattless  or  Idle  Current.  For  illustration,  suppos 
in  Fig.  5 1  that  OS  is  a  pressure  applied  to  a  circuit,  Oj 
the  current  glc.     Resolving  OA  inloit 


components,  0  W  and  01,  in  phase  with  and  at  rig 
angles  to  OS,  the  component  OiV  multiplied  by  t 
pressure  will  give  the  power  absorbed  by  the  circuit,  a 
(?/wiii  be  wattless.*      If  <^  were  90°,  the  total  curre 

would  be  in  quadrature  with  the  pressure  and  therefc 


•  Thompson's  Dynamo- Ehilrit  Maihiniry,  4th  ed„  p.  636. 
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waiUess.  While  a  wattless  current  may  do  a  consider- 
able amount  of  work  iii  one  quarter  period,  during  the 
next  quarter  period  the  circuit  returns  an  equal  amount, 
ind  the  total  work  for  the  period  is  zero.  (Compare 
power  loops.)  A  lag  of  go"  would  only  be  possible  in  a 
circuit  having  no  electrical  resistance,  since  otherwise 
some  energy  would  necessarily  be  expended  in  heating 
the  conductors.  It  is  possible,  however,  to  make  the 
ratio  of  inductive  resistance,  ztr/L,  so  great  in  com- 
parison with  the  true  resistance  R,  that  the  lag  is  very 
nearly  90°.  It  is  also  possible  to  make  the  capacity  of  a 
circuit  so  great  in  comparison  with  its  resistance  that  ^ 
"  a  lead  of  nearly  go".     The  latter  condition  is  one  not 


Fig.  61 


™ct  in  practice,  but  the  former  may  quite  easily  be 
brought  about  in  circuits  including  underloaded  trans- 
formers of  poor  design. 

The  value  of  the  power  factor  of  a  circuit  is  evidently 
equal  in  numerical  value  to  cos  0,  for,  power  factor  equals 

True  Watts      ^  CE  cos  </>  ^  ^o::  A 
Apparent  Watts  CE 

The  total  current  in  a  circuit  multiplied  by  the  power 
factor  is,  therefore,  equal  to  the  active  component  of  the 
current,     A  factor,  which   in  the  same  way  is  proper- 
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of  the  potential  at  the  points  when  varying  synchro- 
nously as  a  sine  function,  the  deflection  becomes 


^XV.-''^(-.-'-^>'- 


If  it  is  desired  to  measure  the  cnei^  absorbed  by  an 
inductive  circui'.  ter  may  be  used  in  the 

following  mannt 

The  inductive  T  is  connected  in  series 

with  the  non-inc  e  .^5  (Fig.  52).    Let  the 

potential  of  the  nd  C  at  any  instant  be 

represented  resj  fj,  and  j'g,  when  B  is  the 

junction  betweei  and  non-inductive  resist- 

ance.     Then  if  :ctrometer  be  connected 

with  its  quadrants  to  A  and  n,  and  its  needle  and  case 
to  C(Fig.  52  <j),  the  deflection  is 


-irf>^M'''-'^y 


If  the  connection  of  the  needle  be  interchanged  so 
that  it  is  connected  to  B  while  the  connections  of  the 
quadrants  remain  unchanged  (Fig.  52^),  this  becomes 

By  subtraction,  this  results  in 

Dividing  this  by  kR,  where  A'  is  the  resistance  of  AB, 
gives 
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Now  ^ — ^  is  equal  to  the  instantaneous  value  of  the 
rurrent  passing  through  the  circuit,  and  v^  —  v^  is  the 


^  ^^nnnnr>A 


Fig.  62 


instantaneous  value  of   the  difference  of  pressure   be- 
tween the  terminals  of  the  inductive  resistance  BC. 

Consequently,  --~-  =  -^  j   ^'^'^^  =  ^>    where    W  is 


kR 
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the  power  absorbed  by  the  iniluctive  part  of  the  cir- 
cuit.* 

On   account  of   structural  defects,  the  deflections  of 
electrometer  needles  do  not  always  follow  the  theoreti- 
cal law.     Consequently,  it  is  necessary  to  determine  how 
great   the   deviation   is   before  the    instrument    may  1 
relied  upon.f  nt  may  be  calibrated  I 

the  use  of  cont  passing  through  know 

resistances,  whi  3d  that  y,,  z'^,  and  i 

nearly  the  cffcc  e  tests. 

I  a.    Electrost  A  modification  of  the 

quadrant  electro  ade  which  reads  directly 

as  a  wattmcter.J  he  needle  box  is  divided 

diametrically  into  two  parts  mstead  of  into  quadrants. 
The  needle  consists  of  a  disc  divided  diametrically  into 
two  parts  {Fig.  53).  The  parts  of  the  circuit  A  and  B  are 
connected  to  the  two  halves  of  the  needle,  and  B  and  C 
to  the  two  halves  of  the  needle  box. 

Then  the  force  which  causes  the  deflection  of  the 
needle  is  theoretically  proportional  to  the  product 

(...,  - ,.,)  (,.,  -  »,),  or  M'=~  =  f  X'^^^I-^'K  -  ".)•"■ 

This  instrument  may  also  be  calibrated,  as  explained 
above,  by  passing  a  known  continuous  current  through 

*  Ayrton. /oHr.  Imt.  E.  F..,  Vol.  17,]).  l6ji  ;  C,x3y\  ^isclulr  Mtaiuri- 
iiiL-iils.  Vul.  II..  p.  6y8;  Swinburne,  Nutc  on  Electrostatic  Wntlmclere, 
London  Elettruian,  Viil.  26,  p.  57I. 

t  Gray's  Absolute  Measurements  in  Eleitririty  and  Magnititm.,  Vol.  11., 
pp.  662  anil  699. 

I  Gerard's  Lemons  sur  V  fijerlridle.  3.I  eil,  Vol.  I.,  p,  611  ;  HoSpitiliet's 
■Iraili  de  f  iLHcr^ie  ^leilrique,  Vul.  I.,  pj).  205  and  567. 
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a  known  resistance.  A  wattmeter  of  this  type  has  been 
designed  by  Swinburne  which  may  be  made  direct  read- 
ing or  may  be  read  by  means  of  a  torsion  head  so  that 
the  needles  will  always  remain  in  a  Bxed  position  in 
relation  to  the  needle  boxes.* 


2,  Three-Voltmeter  Method.^  As  in  the  previous 
method,  a  non-inductive  resistance  must  be  connected 
in  series  with  the  inductive  circuit  to  be  tested, 
f'^ig'  54-)  Voltmeters  are  then  respectively  connected 
between  the  points  A  and  B,  B  and  C,  and  A  and  C. 
Letting  Cj,  e^  and  e  represent  instantaneous  pressures 
at  the  three  voltmeters,  then  e  =  e-^-'r  e^,  whence 

e'~e^i-e^^  =  2e^e^ 
But  the   instantaneous   value   of  the   power  in    the 
inductive  circuit   is  a/ =  ci'j  = -J  r^.       Substituting    the 


•  Swinburne,  Note  on  Electrostalic  Waltmcters,  London  Klcclriciai 
Vol.  26,  p.  571  ;  Eliitrical  World,  Vol.  17,  )).  257,  and  Vi>l.  19,  p.  44. 

t  Suggested  by  Ayrton  and  Sumpncr,  London  Ettrtriiian,  Vol.  26,  | 
;j6;  EUctrkal  World,  Vul.  17,  p.  3J9, 
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value  of  rjC„  already  found  gives  iv  = — j^ft^—fi'— <■]*)■ 
and  the  mean  power  absorbed  during  a  period  is 


where  £,  Ii^, 
the  voltmeters, 
the  current  C  ii 


respective   readings   of 
mown  and  the  value  of 

nula  may  be  written 


In  order  that  the  results  of  measurements  may  be  the 
most  accurate  possible,  ifj  should  equal  £'2,  which  makes 
the  method  inconvenient  for  use  in  ordinary  testing. 
Neither  is  the  method  sufficiently  accurate  to  compen- 
sate for  its  disadvantages.  The  accuracy  of  any  par- 
ticular measurement  made  by  this  method  may  be 
checked  by  inserting  a  known  non-inductive  resistance 
in  place  of  the  inductive  circuit. 
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3.    Three-Ammeter  Method,*     Instead   of  putting   a 
non-inductive  resistance   in   series   with   the   inductive 
circuit,  it  may  be  placed  in  parallel  with  it.    In  this  case 
amperemeters  must  replace  the  voltmeters  of  the  pre- 
ceding method  (Fig.  55).     One  amperemeter  measures 
the  whole  current  C,  another  measures  the  current  Cj 
in  the  non-inductive  resistance  R,  and  another  measures 
the  current  C^  in  the  inductive  circuit.     It  is  evidently 
essential  that  the  amperemeter  which  is  in  series  with 
the   non-inductive  resistance  shall  be  of   negligible  in- 
ductance.   Supposing  c^  rj,  c^  be  the  instantaneous  values 


Pig.  66 


of  the  currents  at  any  moment,  we  have  c=c^  ■\-c^  and 
c^  —  c^  —  c^  =  2  CyC^,  while 

Whence      fF=  ^Vtvdt  =^{C^-Q-  C^. 
This  may  also  be  written, 

2  Cj 

In  this  case  the  greatest  accuracy  is  given  when  C^  and 

•  Suggested  by  Heming,  London  Klectrician^  Vol.  27,  p.  9  ;   Electrical 
WifrLl,\o\.  17,  p.  423. 


iicaiions  of  the  last  two  methods  ha 
by  i\)rton,  Siinipncr,  l^lakcsley,  and 
the  obvious  arrangements  is  to  omit 


Pifir.  56 

in  series  with  the  non-inductive  resistai 
method,  and  connect  a  voltmeter  acros 
in  Fig.  56.     In  this  case,  the  power  b< 


IV  =z  —  ( C^  —  r  2  _ 


5.    Split  Dynamometer  Methods,      If 


natins:  currents  of  tVi^  ^-^ 


^  r 
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Tj  =  V2  C\  sin  a  and  c^  =  V2  C2  sin  (a  —  <^), 

where  <^  is^  the  angle  between  the  two  current  waves. 
Substituting,  gives 

-^  r  CiC^dt  =  yjT  C^  C^  sin  a  sin  (a  -  «p)  rf/, 

which  is  equal  to 

— JL_J  I    sin  a  sin  (a  —  <f>)da  =  C^  C^  cos  <^. 

Anelectrodynamometer  used  in  this  manner  is  called 
^  Split  Dynamometer.  Now  suppose  we  determine  the 
values  of  C  and  C^  by  means  of  the  dynamometer  used 
as  an  amperemeter  or  by  other  instruments,  then  the 
\'alue  of  cos  <^  is  at  once  found.  If  the  measurements 
are  all  made  by  the  same  clcctrodynamometer,  its  con- 
stant does  not  need  to  be  known.  Suppose  the  read- 
ings in  the  two  circuits  arc  C^  =  kh^  and  C^  =  kh^y  and 
the  reading  as  a  split  dynamometer  is  C^C^QOS(f>  =  kh^y 

then  cos<^=  — ^---..     This  plan  was  first  suggested  by 
Blakesley.*      ^^1^2 

5^7.  Blakesley  planned  various  methods  for  using  a 
split  dynamometer  in  measuring  the  power  absorbed  by 
an  inductive  circuit. f  In  one  of  the  methods  a  non- 
inductive  resistance  is  connected  in  parallel  with  the 
inductive  circuit  to  be  tested  (Fig.  57),  and  a  split  dyna- 
mometer is  connected  so  that  one  coil  carries  the  total 
current,  and  the  other  carries  the  current  of  the  inductive 
branch.     An  amperemeter  is  also  placed  in  the  induc- 

*  Alternating  Currents  of  Electricity ^  2(1  ed.,  p.  97. 
t  Phil.  Mag.y  Vol.  31,  p.  346. 
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of  — -,  where  E  is  the  pressure  in  the  circuit,  ^j  the 
angle  of  lag  in  the  pressure  coil  which  is  dependent  on 
the  relation  tan^j  =  — ^—^,  and  Ji^  and  Zj  are  respec- 
lively  the  rL-sistance  and  self-inductance  of  the  pressure 
The  currents  in  the  series  and  pressure  coils  now 
ch  is  equal  to  i^  —  i^,  in- 


coil. 

have  a  difference  of  p 
stead  of  (p,  wh        0 
circuit.      The   i 
therefore  propoi»«, 
correct  reading  is  propo 
ings  of  an  inductive  wat 
plied  by  a  factor  equal  to 


igle  of  lag  in  the  main 
inductive  wattmeter  is 
)s^i  cos  {tj>  —  i^i),  while  a 
to  CE  cos  1^.  The  read- 
must  therefore  be  multi- 


cosi^ 


cos<f>j  cos{</i  —  <^i)      cos^i  (cos ^ cos ^,  +  sini^sini^^' 

in  order  that  they  may  give  the  true  power.  This  mul- 
tiplier may  be  called  the  "correcting  factor"  of  an 
inductive  wattmeter.     But 


C05<^    = 


V/?"2  +  47ry^Z,« 


2irfL 


and  the  correcting  factor  therefore  reduces  to* 


RR{^  +  4^f^LLiR\~ 


:7r/}V 


Abiflute    Mcuii 
Loppe  et  BDUqi 


(/  7-r«nifvrm,r,  Vol.  I.,  p.  139;  Cray'i 
ricily  ami  Ma:;uf/isi».  Vol.  11.,  p.  680j  . 
eriutli/!  Indusiricli,  Vol.  I.,  p.  55. 
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The  formulas  show  that  wlun  t^  is  negligibly  small  (in 
which  case  ^j  is  practically  equal  to  zero),  or  Tj  is  equal 
to  T  (in  which  case  ^^  =  ^),  the  correcting  factor  reduces 
to  unity,  and  the  readings  of  the  wattmeter  are  directly 
proportional  to  power.  When  Tj  is  less  than  r,  the  cor- 
recting factor  is  less  than  unity,  and  the  wattmeterreads 
too  highf  and  when  Tj  is  greater  than  t,  the  correcting 
factor  is  greater  than  unity,  and  the  wattmeter  reads  too 
low.  The  indications  of  an  inductive  wattmeter  may, 
therefore,  be  either  correct,  too  high,  or  too  low,  de- 
pending upon  the  algebraical  value  of  the  time  constant 
of  the  circuit  upon  which  measurements  are  being  made. 
As  a  general  rule,  the  time  constant,  t,  of  the  circuit  is 
likely  to  be  positive  and  greater  than  that  of  the  watt- 
meter, so  that  the  readings  of  an  inductive  wattmeter 
are  generally  found  in  practice  to  be  too  high ;  but  in 
ordinary  measurements  it  is  impossible  to  determine 
the  value  of  t,  so  that  the  correcting  factor  of  the  watt- 
meter is  unknown.  The  only  safety  in  wattmeter  meas- 
urements of  power  in  alternating-current  circuits,  there- 
fore, lies  in  the  use  of  a  wattmeter  with  such  a  very 
small  time  constant  in  the  pressure  coil  that  it  may  be 
considered  absolutely  negligible. 

Another  correction  due  to  the  power  used  by  the 
wattmeter  itself  is  also  necessary.  Thus,  if  the  press- 
ure coil  be  connected  to  the  circuit  between  the  cur- 
rent coil  and  the  test  circuit  (Fig.  58),  it  is  evident 
that  the  power  measured  includes  that  absorbed  by  the 
pressure  coil.  If  the  current  coil  be  included  between 
the  point  of  connection  of  the  pressure  coil  and  the 
test  circuit    (Fig.   59),   the  power  measured   includes 


There  are  luiir  methods  of  reduciiii 
a.   The  break  niav  be  made  gradi 
resistance  into  the  circuit  before  th 
This  resistance  should  var}'  gradual 
finity.      The    manipulation   of   the 
caused  by  the  same  motion  which  op 
This  device  is  used  quite  largely  t 
caused  by  opening  switches  or  autoi 
ers  in  high-pressure  electric-light  or 
cults,  and  gives  much  satisfaction. 
the  switch  carries  an  auxiliary  contac 
contact  is  of  much  higher  resistance 
per  contact,  and  the  extra  current  sf 
flowing  through  it.     Therefore  wher 
tact  is  broken  but  little  spark  passe 
pass  causes  comparatively  little  burn! 
of  the  switch  which  may  be  readily  n 
^.   A  coil  of  hicfh  resistnnn^  nnri  «fr 
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break,  and  thus  the  spark  is  retluced  or  entirely  sup- 
pressed. 

c.  The  switch  may  be  shunted  by  a  fine  wire  which 
acts  as  a  fuse.     When  the  switch  is  opened,  breaking 


the  circuit,  the  extra  current  spends  itself  by  flowing 
through  the  fine  wire  shunt,  which  it  burns  off  at  the 
same  lime.  This  arrangement  makes  it  necessary  to 
replace  the  fuse  before  the  time  of  each  break.     The 
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that  absorbed  by  the  current  coil.  Iq  either  case  thl: 
power  should  be  small  and  usually  may  be  neglected 
but  when  this  is  not  the  case  it  is  easily  detennine4 
from  the  resistance  of  the  coil  included,  if  the  press 
lire  or  current  is  known.  In  some  wattmeters  ; 
special  correcting  coil  wound  over  the  series  coil  is  in 
troduced  in  ressure  coil  which  correct: 


Fig:.  58  FlB.  69 

for  the  current  in  the  pressure  coil,  the  instrument  being 
connected  as  in  Fig.  58.  (Example:  Weston  watt 
meter.) 

As  in  the  case  of  the  electrodynamometer,  or  othe 
instruments  operated  by  elect rodynamic  action,  it  i: 
necessary  that  a  wattmeter  of  the  type  here  discusset 
shall  have  no  metal  in  its  frame  in  which  foucault  cut 
rents  may  be  developed  (Sect.  73).  If  this  precauttoi 
is  not  carefully  looked  after,  the  constant  of  the  instrt 
ment  will  vary  with  the  frequency,  and  a  calibration  i 
necessary  for   every  frequency.     For   a  properly  buil 
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wattmeter,  which  is  used  at  a  point  near  which  there 
are  no  masses  of  metal,  a  single  calibration  with  contin- 
uous currents  is  sufficient. 

46.  The  Spark  caused  by  breaking  a  Self-Inductive 
Circuit* — It  is  to  be  expected  (s6e  Sect.  19)  that  a 
severe  spark  will  pass  upon  breaking  a  circuit  when  it 
is  carrying  a  continuous  current,  if  it  has  a  great  self- 
inductance,  since  the  self-generated  electric  pressure 
tends  to  uphold  the  falling  current.  This  is  indeed  a 
well-known  effect  observed  upon  breaking  circuits  con- 
taining self-inductance.  It  is  seen  in  exaggerated  form 
in  circuits  containing  such  enormous  self-inductances  as 
those  found  in  dynamo  field  windings.  Again,  break- 
ing the  external  circuit  of  a  continuous-current  series 
dynamo  causes  a  much  more  severe  spark  than  break- 
ing the  external  circuit  of  a  shunt  machine.  In  the 
latter  case  the  extra  current y  or  transfer  of  electricity 
due  to  the  self-induction,  flows  from  the  field  coils 
through  the  armature  instead  of  attempting  to  jump 
across  the  break.  It  may  therefore  be  dangerous  to 
break  the  circuit  of  a  series  dynamo  even  while  the 
normal  working  pressure  is  entirely  harmless,  while  no 
special  danger  is  likely  to  come  from  breaking  the  exter- 
nal circuit  of  a  shunt  dynamo.  On  the  other  hand,  it  is 
possible  to  get  an  exceedingly  severe  shock  by  break- 
ing the  field  circuit  of  a  shunt  dynamo  in  which  the 
working  pressure  may  be  quite  low.  The  high  press- 
ure due  to  self-induction  which  is  generated  in  the 
shunt  field  coils  when  the  circuit  is  broken  is  a  fre- 
quent source  of  injury  to  the  insulation.  The  extra 
current,  having  no  outlet,  makes  one  by  jumping  from 


I 
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honic    way   of    diminishing    the 
■c:ik   in   order  to  avoid   burning  up  the 
here  are  four  methods  of  reducing  the  s 
a.    The  break  may  be  made  gradually  b 
sistance  into  the  circuit  before  the  swit 
his  resistance  should  vary  gradually  fron 
lity.      The    manipulation   of   the  resist< 
Lused  by  the  same  motion  which  opens  th 
This  device  is  used  quite  largely  to  redu 
used  by  opening  switches  or  automatic  c 
s  in  high-pressure  electric-light  or  electric 
lits,  and  gives  much  satisfaction.     For  t 
e  switch  carries  an  auxiliary  contact  of  cai 
intact  is  of  much  higher  resistance  than  t 
IT  contact,  and  the  extra  current  spends  i1 
)wing  through  it.     Therefore  when  the  ( 
ct  is  broken  but  little  spark  passes,  whili 
Lss  causes  comparatively  little  burning  up( 
the  switch  which  may  be  readily  renewed 
6,   A  coil  of  hip"h  r^^cicf'. — 
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break,  and  thus  the  spark  is  reduced  or  entirely  sup- 
pressed. 

1*.  The  switch  may  be  shunted  by  a  fine  wire  which 
acts  as  a  fuse.     When  the  switch  is  opened,  breaking 


Pigr.  80 

the  circuit,  the  extra  current  spends  itsulf  by  flowing 
through  the  fine  wire  shunt,  which  it  burns  off  at  the 
same  time.  This  arrangement  makes  it  necessary  to 
replace  the  fuse  before  the  time  of  each  break.     The 


--yTyMMMM^KRRy^sMrv- 
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arrangement  is  used  to  some  extent  upon  the  fuse 
blijcks  (Fig.  62)  intended  for  use  in  high-pressure  clcc- 
tm-iight  mains.  The  main  fuse  of  comparalivt-ly  low 
rcMstance   is  shunted    by  a   fine    high-resistance  fuse. 


^ 
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When  the  main  fuse  blows  out,  the  extra  current,  in- 
stead of  causing  a  vicious  spark,  spends  itself  by  flow- 
ing through  the  shunt  fuse,  at  the  same  time  blowing  it 
out. 


T^^ 


d.  A  condenser  may  be  so  arranged  that  it  neutralizes 
the  effect  of  the  self-inductance  at  the  time  of  the  break. 
This  may  be  done  in  two  ways  :  i.  The  condenser  may 
be  connected  in  parallel  with  the  inductive  circuit  (Fig. 
63).    Then  upon  the  break  the  capacity  of  the  condenser 


Pig.  63 

tends  to  neutralize  the  effect  of  the  inductance  since 
the  charging  current  of  the  condenser  due  to  the  rise 
of  inductive  pressure  is  opposite  in  direction  to  the 
extra  current  due  to  self-inductance,  and  the  spark  ii 
therefore  reduced    or   suppressed.      2.    The  condense 
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may  be  connected  in  parallel  with  the  switch  (Fig.  64). 
In  this  case  the  extra  current  flows  directly  into  the 
condenser,  and  the  spark  is  reduced  or  suppressed. 
The  effect  of  a  condenser  of  fixed  capacity  in  suppress- 
ing the  spark  at  break  due  to  a  fixed  self-inductance  is 
evidently  the  same  in  the  two  positions.  Upon  closing 
the  circuit,  however,  the  condenser  assists  the  rise  of 
current  in  the  circuit  when  in  the  first  position,  but  has 
no  effect  whatever  when  in  the  second  position,  since 
it  is  short-circuited  when  the  switch  is  closed.     A  con- 


nm^^Mmr^ 
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denser  is  ordinarily  connected  across  the  terminals  of  the 
primary  circuit-breaker  of  a  Ruhmkorff  induction  coil. 

There  is  a  marked  difference  between  the  amount  of 
spark  ordinarily  produced  upon  breaking  a  continuous 
current  and  an  equal  alternating  one.  For  instance, 
breaking  a  continuous  current  of  25  amperes  at  1000 
volts  pressure  upon  an  ordinary  hand  switch  without 
an  especially  quick  break  is  likely  to  cause  a  lively  arc, 
while  breaking  an  equal  alternating  current  ordinarily 
causes   little   more   than  an   observable  spark.     Some- 
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times,  liowc\'cr,  a  destructive  arc  is  caused  in  breaking 
an  alternating  current.  This  is  particularly  true  when 
fuses  blow  in  high-pressure  alternating-current  mains 
where  the  metallic  vapor  from  the  fuse  serves  as  a  path 
for  the  arc.  This  difference  in  behavior  on  the  part  of 
alternating-current  circuits  is  due  to  the  fact  that  the 
circuit  may  he  rent  instants  when   the 

current,  and  tl  t  up  by  it,  have  widely 

different  value; 

47.    The  SeU  irallel  Wires.—  The  self- 

inductance  of  ;s.  hanging  upon  a  pole 

line  or  othcrwi:  . reduces  serious  difficul- 

ties into  the  o\  ;-distance  telephones  or 

telegraphs.  In  luc  uioina.j  ilternating  systems  for 
lighting  and  the  transmission  of  power,  the  effects  are 
not  so  serious,  though  when  the  transmission  is  over  a 
long  distance  the  self-inductance  of  the  line  cannot  be 
neglected.  An  expression  for  the  self -inductance  of 
two  parallel  wires  may  be  developed  thus :  suppose  that 
two  parallel  conductors  A  and  A'  form  a  circuit  of  in- 
definitely great  length.  Let  C  be  the  current  flowing 
through  the  conductors,  ;■  their  radius,  and  d  the  dis- 
tance between  their  axes.  Also  let  >i  and  fi'  be  respec- 
tively the  permeability  of  the  medium  surrounding  the 
wires  and  of  the  wires  themselves.  The  strength  of 
the  magnetic  field  (ffj  at  a  point  outside  of  the  con- 
ductor A  at  a  distance  a  from  its  centre,  and  due  to 
the  current  in  /I  is  ^ 


:  current  in  Ihc  conductor  are  circles  with 
toniluclor,  and  if  the  force  at  any  point 
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The  magnetic  induction  (5.)  at  the  point  is  therefore 

211C 


5-  = 


a 


Now  consider  a  space  cut  out  by  two  planes  perpendicu- 
lar to  the  axes  of  the  conductors  and  one  centimeter 

PLANE 


t4ciii. 


PLANE 
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V    V 

apart  (see  Fig.  65).     Within  this  space  at  a  distance  a 
from  A  a  number  of  lines  of  force 

2iiCda 


B,da  =  dK  = 


a 


will  pass  through  a  radial  width  da.  The  total  number 
of  lines  of  force  that  will  pass  between  the  planes  in 
the  distance  between  the  surface  of  A  and  the  centre  of 
A'  will  be, 

at  a  distance  a  from  the  conductor  is  F,  the  work  done  against  it  in  moving 
a  unit  magnet  pole  around  the  conductor  is  IV  =  2iraF.  Also  by  Vol.  I., 
p.  12,  IV=  4wnCt  but  in  this  case,  w  =  i,  and  therefore  2  iraF—  4  tC,  or 

a 
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At  any  point  p  within  A  and  at  a  distance  b  from 
the  centre  of  .!,  the  magnetic  effect  will  be  as  though 
the  current  within  a  circle  of  radius  b  were  condensed 
at  the  centre,  since  the  magnetic  effect  at  the  point, 
p,  of  the  uniform  layer  of  current  in  the  conductor  be- 
yond b  will  be  zero.  The  strength  of  field  at  p  may 
therefore  be  wri 

»  ^2Cb 

h.     -^ 

and  the  magnetit  , 


Proceeding  as  before. 


b  =  dN,  =  - 


and  K=  fli^^^x'C. 

But  this  induction  does  not  link  with  the  whole  current, 
but  only  with  that  within  a  circle  of  radius  b.  The 
product  of  the  current  with  the  number  of  lines  of  force 
enclosed  by  it  is 

l-dNJC  =  f  ifi^  X  '^  -  i/C. 
''''  r*  Trr*      2 

The  self-inductance  of  A  per  unit  length  is  equal  to 
10"**  times  the  number  of  lines  of  force  linking  the  cur- 
rent when  it  has  a  value  of  unity  (Sect.  16),  and  there- 
fore, 

The  effect  of  the  return  conductor  A'  is  to  exactly  double 
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the  magnetism  which  is  linked  or  enclosed  by  the  cur- 
rent, and  therefore  the  self-inductance  per  centimeter 
length  of  circuit  or  per  two  centimeters  length  of  wire  is 

L^.  =  2(211  log.-  +  ^)  ^  io». 

When  the  conductors  are  of  copper  suspended  in  the 
air,  ft  =  ft'  =  I,  and 


Z^^.  =  2^2l0g.-4- y-MO» 


As  a  rule  the  value  of  2  log,  - ,  derived  from  the  dis- 
tances apart  and  diameters  of  wires  in  ordinary  elec- 
tric circuits,  is  quite  large  compared  with  |^,  and   the 
impedance  of   such  circuits  consisting  of   two  parallel 
wires,  each  /  centimeters   in  length,  may  therefore  be 
approximately  written, 

The  ratio  of  the  impedance  of  a  circuit  to  the  resist- 
ance of  the  conductors  (  -- j  has  been  called  by  KenncUy 

the  Impedance  Factor,  and  its  value  has  been  calculated 
by  him  for  circuits  having  a  wide  range  in  the  values  of 
d  and  r,  and  for  various  frequencies  from  40  to  140.! 
Kennelly  has  also  measured  the  resistance  and  im- 
pedance of  a  certain  circuit,  and  found  that  the  actual 
measurements  with  an  approximately  sinusoidal  current 
^ully  agree  with  the  computation.  J 

•Gerard's  Lemons  sur  VileciricitS,  Vol.  I.,  p.  232;    Kennelly,  Traits. 
•^»i(r,  Inst.  E,  E.,  Vol.  10,  p.  213. 
t  Kennelly,  Impedance,  Trans.  Amer.  Inst.  E.  /f.,    Vol.  10,  p.  175. 
^Kennelly,  Trans,  Amer.  Inst.  E.  E.^  Vol.  10,  p.  215. 


smni)ti()n  of    a    sinusoklal    current,  Init 
current  is  usually  not  sinusoidal,  antl  t 
ance  and  impedance  are  therefore  likely 
from  5  to  25  per  cent,  depending  upoi 
of  the  circuit  and  the  distortions  of  th« 
For  average  conditions,  Emmet  advises 
cent  to  the  figures  of  the  table  on  this  ac 
48.  The  Distribution  of  Current  in  a  )/ 
tribution  of  the  current  over  the  normal 
a  conductor  along  which  it  flows,  is  un 
the  current  is  steady,  as  this  is  the  dis 
gives  the  least  loss  of  energy  in  the  o 
proof  of  this  theorem  is  as  follows:    T 
lost  in  the  conductor  is,  according  to  Jc 

where  R  is  equal  to  -^,  /,  p,  and  A  bei 

A 

specific  resistance,  and  area  of  the  cond 
ering  that  the  conductor  is  divided  into  « 
ments  of  equal  area  and  resistance,  r,  a 
flowing  in  one  of  these  is  ^,  then  the  po 
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Ji 

1 

T 

1 S'?!,?  KS.a-E-i.ssss, 

„-_» -r.«..,.OTui 

q-  8  S"8  ^  ;|,  I  R  %  -t%%  z,  3. 

i 

1 
1 

1 
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^g8o-», ,„.._,    ^ 

wliich  exhibits  tlic  number  ot  lines  • 
current  C,  shows  that  a  greater  nun 
rounds  the  central  filament  of  the 
nearer  the  surface.  In  fact,  the  fila 
the  outside  of  the  wire  are  surroundec 
of  force  than  the  central  filament.  W 
current  flows  through  the  wire,  a  cour 

ure  is  set  up  in  each  filament  whicl 

where  Nf  is  the  number  of  lines  of  f( 
current  and  which  surround  the  filam 
eration.  Since  N,  increases  from  th 
wire  towards  the  central  filament,  th( 
pressure  is  greatest  at  the  centre  and 
face  of  the  conductors.  Consequent! 
dency  for  the  current  to  forsake  t 
conductor  and  to  take  a  place  nearer  t 
tendency  is  directly  proportional  to  th< 
the  current  is  sinusoidal.     It  is  oppc 
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by  tfie  cumtit  flowing  through  the  conductor.  The  ratio 
of  the  resistance  of  a  conductor  to  an  alternating  cur- 
tent,  R„  to  its  true  resistance,  or  the  resistance  which 
it  opposes  to  a  continuous  current,  K^  may  be  calcu- 
lated by  the  following  formula:* 

^.~        12    K^        180 


-  +  etc. 


When  the  wire  is  copper,  fi.  i 
formula  becomes 


equal  to  unity,  and  the 


\2  R^      180  V?,*  ^ 


Itft 


A  table  showing  the   increase  in  the   resistance  of 
wires  when  carrying  alternating  currents  was  first  cal- 


M.r 

Ai». 

nu. 

Iach«. 

Sq.  MM. 

Sq.h,, 

[□ 

-3937 

78-S4 

.laa 

k»»lh»nTj„% 

'S 

■5905 

176.7 

.274 

=J% 

30 

■7874 

314.16 

,487 

8% 

n 

.9843 

490.  S 

.7C0 

'7*% 

So 

nn 

'•575 
3-937 

I2S6. 
7854. 

1-95 

6S% 

1000 

39-37 

7S5400. 

1217 

35  times 

9 

■3543 

63,62 

.098 

lcath.nT3.% 

'^4 

.5280 

i4«3 

.zi8 

2\% 

a 

.7086 

354.4 

-394 

8% 

»-4 

.SSS6 

394-0 

.611 

'71% 

7.7? 

.3013 

47-a 

.071 

le«th«n  tJa% 

11.61 

106 

.164 

'\% 

15-S 

.6102 

.89 

.292 

8% 

'9-36 

.7623 

294 

■456 

<7n 

•  Gnf's  Aitaiute  MfOiuremtnis  iu  EIrelricitf  and  Magnttisi 
P  J29;  Gcrud'l  Lcfftu  sur  rAUilriciti,  Vol.  I.,  p.  236. 


■ 

^^^H 

^^^^H 

148                     ALTERNATING   CURRENTS.                        W^ 

culated  by  Mordey"  on  data  presented  by  Lord  Kelvinf 

(see  table  on  preceding  page).     From   this  table  it  is 

seen  that  K^  is  practically  the  same  as  R,  for  the  sizes 

of  wire  and  frequencies  which  are  ordinarily  used,  but 

Emmet  J  has  calculated  a  table  which  may  be  conven- 

iently used  in  any  case  where  j?,  differs  from  J?^     This 

table  is  given  b 

Product  of  Circular 

f!.            ^ 

*-             1 

10,000,000 

TOfioofloo 

.3         1 

30,OOQ.O0O 

80,000.000 

1 

30,000,000 

90,000.000 

,.«>           1 

40,000,000 

t.u5                         iOOfJOOfiCa 

1.25 

50,000,000 

1.08                        125,000.000 

>-34 

60,000,000 

1. 10                150,000,000 

■-43 

This  table  shows  that  the  frequency  or  the  diameter 
of  the  wire  may  be  so  great  that  no  current  at  all  will 
flow  at  the  centre  of  the  conductor,  while  if  the  fre- 
quency is  very  great,  the  current  will  all  remain  at  the 
exact  outer  surface  or  skin  of  the  wire.  Thomson  § 
shows  that  the  value  of  the  current  at  the  distance  x 
from  the  surface  of  a  conductor  is  equal  to 

when  p  is  the  specific  resistance  of  the  material.    Gray  [| 
shows  that  however  great  the  diameter  of  a  wire  may 

•  your.  Jnsl.  E.  E.,  Vol.  iS,  p.  603. 

t  your.  hist.  E.  E.,  Vol.  18,  pp.  14  and  35. 

J  Allernoling  Cnrretit  IViring  and  Distribution. 

§  J,  J, 'l  h-jiiisoti's  Eltmials  of  E!t€lri<ily  and  Magtielism,  p.  418. 

II  Absolute  Mtasurimtnis  in  Eltclricily  and  Atagtulism ,  VoL  II.,  p.  338 
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be,  its  resistance  to  an  alternating  current  will  never  be 
less  than  the  true  resistance  of  a  wire  of  the  diameter 
in  centimeters  given  in  the  following  table. 


Frequenqr> 

Copper. 

Lead. 

Iron,  ft  =  300- 

80 

1-43 

4.98 

.195 

120 

I.17 

4.08 

•159 

160 

1.02 

352 

.138 

200 

.91 

3.16 

•123 

The  specific  resistance  of  lead  is  not  far  from  that 
of  ordinary  German  silver;  it  is  about  twice  that  of 
iron,   and   about   twelve   times  that  of   copper.      The 
remarkably  large  skin  effect  in  the  case  of  the  iron  is 
thus  shown  to  be  due  to  its  large  magnetic  permeability. 
The  permeability  of   300  may  be   somewhat   large  to 
assume  for  an  iron  wire  when  under  the  ordinary  cir- 
cuit conditions.     Kennelly  states   that   iron   telegraph 
or  telephone  wires  show   by  measurement  with   small 
currents  that  ft  is  about  150.     With  increasing  currents 
it  would,  of  course,  increase  to  about  icxx),  and   then 
again  diminish. 

The  value  of  the  self-inductance  of  a  wire  was  deter- 
mined in  the  preceding  section  on  the  assumption  of  a 
uniform  distribution  of  the  current  in  the  conductor. 
Any  disturbance  of  this  distribution  on  account  of 
ikin  effect  will  reduce  the  value  of  the  self-inductance 
by  a  small  amount*    The  correctness  of  these  deduc- 


•  Gray's  Absolute  Measurements  in  Electricity  and  Magnetism^  Vol.  II., 
1^329. 
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tions  in  regard  to  self -inductance  and  siin  effect  in  elec- 
trical conductors  is  proved  by  extensive  experimental 
researches  by  Professor  Hughes*  and  Lord  Raylcigh. 

•  The  Sclf-induclion  of  ao  Electric  Cuirent  in   Relation  to  Ihe  NuturE 
and  Furm  of  Iht  (::.in[Juctor,  Jour.  Insl.  E-  F..,  V(.l.  15.  p.  6.  » 
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CHAPTER   IV. 

GRAPHICAL   AND    ANALYTICAL    METHODS    OF    SOLVING 
PROBLEMS    IN    ALTERNATING   CURRENT   CIRCUITS. 

49.  Graphical  Methods.  —  Graphical  methods  lend 
themselves  very  satisfactorily  to  the  solution  of  prob- 
lems relating  to  circuits  upon  which  a  sinusoidal  elec- 
trical pressure  is  impressed.  This  application  of  the 
methods  was  first  brouj^ht  to  general  attention  by  T.  H. 
Blakesley.*  The  methods  are  those  of  vector  algebra, 
and  are  entirely  analogous  to  those  which  are  so  largely 
^sed  in  the  graphical  solutions  relating  to  the  composi- 
tion and  resolution  of  forces  in  graphical  statics  and 
relating  to  the  composition  and  resolution  of  velocities, 
^^c.,  in  graphical  dynamics.  To  make  the  treatment  as 
^'niple  as  possible,  the  use  of  the  methods  herein  will 
^c  made  to  .conform  as  closely  as  possible  to  their  use 
•'^the  treatises  on  graphical  statics.f 

If  the  line  OA  in  Fig.  66  is  conceived  as  swinging 
^U  uniform  angular  velocity  w  around  the  point  O^  the 
angle  a  which  it  makes  with  the  horizontal  axis  OX  at 
^ny  instant  is  a  =  w/,  where  /  is  the  interval  of  time  dur- 

• 

^^g  which  the  line  describes  the  angle  a.     The  instanta- 


•  Blakcsley's  Alternating  Currents  of  Electricity. 

t  Sec    Dubois'    Graphical    Statics^    lloskins'    Elements    of   Graphic 
^fies,  etc 
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neous  projection  Oa  upon  the  vertical  axis  O  V,  of  the  linsl 
OA,  has  a  valui?  Oa  =  OA  sin  a.  If  OA  is  proportional  tOiT 
the  maximum  value  of  a  sinusoidal  function,  its  instan- 
taneous values  are  proportionally  represented  by  thftJ 
instantaneous  i>roiections  of  OA  ;  and  if  OA  is  propor- 
tional  to  the  elfective  value  of  a  sinusoidal  function,  the  j 
instantaneous  val  tion  are  proportionally   ! 

represented  hy  th  2  into  the  correspond- 

ing instantaneous  y  t  is  therefore  possible  1 

to  represent  all  th  a  sinusoidal  function : 


Pig.  66 


(i)  by  a  straight  line  which  revolves  at  a  uniform  rate 
around  one  end ;  and  (2)  by  the  instantaneous  projec- 
tions of  the  line.  It  is  evident  that  the  motion  which 
the  projection  of  the  end  A  of  the  revolving  line  makes 
along  the  axis  CK  is  a  simple  harmonic  motion,  and 
that  all  the  theorems  relating  to  simple  harmonic  motion 
may  be  applied  to  these  solutions.  As  is  ordinarily 
done,  the  rotation  of  the  line  will  always  be  considered 
to  be  left-handed  in  the  following  discussions;  and 
angles  measured  from  right  to  left  will  be  considered 
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positive,  while  those  measured  from  left  to  right  will 
be  considered  negative. 

If  two  sinusoidal  electric  pressures  of  the  same  fre- 
quency but  having  a  phase  difference  ^,  act  in  a  circuit, 
the  corresponding  instantaneous  values  are, 

e  =  V2  E  sin  a, 
^  =  V2  E^  (sin  a  -f  </>). 

The  total  instantaneous  electric  pressure  acting  in  the 
circuit  is  ^  +  ^.     In  Fig.  6^  the  pressure  E  is  repre- 
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sented  by  the  line  OA^  and  the  pressure  E^  by  the  line 
0A\  Oa  and  Oa^  are  the  instantaneous  values  of  the 
pressure  for  the  angular  positions  shown.  The  total 
instantaneous  pressure  in  the  circuit  which  corresponds 
to  the  angular  position  shown,  is  equal  to  Oa  +  Oa\  or 
Od\  It  is  readily  shown  that  Oa!^  is  the  projection  of 
the  diagonal  of  the  parallelogram  constructed  upon  OA 
and  0A\     This  is  true  for  all  angular  positions,  since 
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the  sum  of  the  projections  of  the  lines  OA  and  OA' 
must  be  equal  to  the  sum  of  the  projections  of  the  lines 
OA  and  AA'^,  which  in  turn  is  equal  by  construction 
to  the  projection  of  the  diagonal  0A'\ 

The  length  of  the  line  0A'\  therefore,  proportionally 
represents  the  magnitude  of  the  effective  or  maximum 
total  electrical  pressure  in  the  circuit,  and  its  position 
relative  to  that  of  OA  and  OA',  represents  the  relative 
phase  position  of  the  total  pressure.  If  instead  of  two 
pressures  acting  in  a  circuit,  there  are  three  or  more, 
as  OA,  0A\  OA",  0A"\  and  OA"",  in  Fig.  6%,  the 
same  construction  is  used.  Thus,  completing  the  par- 
allelogram for  OA  and  0A\  their  resultant  OA^  is 
found.  Completing  the  parallelogram  for  OA^  and  OA", 
their  resultant  OA^  is  found,  and  again  with  this  and 
^^"'  the  resultant  OA^  is  obtained ;  finally,  OA^,  the 
final  resultant,  is  obtained  by  combining  OA^  with  OA"". 
The  figure  shows  that  it  is  unnecessary  to  complete  all 
the  parallelograms.  It  is  only  necessary  to  draw  the 
Jines^/ij,  A^A^  A^^,  ^3^4  respectively  parallel  and 
equal  in  length  to  the  lines  0A\  OA",  OA"',  and 
0A'"\  and  the  line  drawn  from  O  to  the  end  of 
^he  last  line  laid  off  gives  the  phase-position  and  mag- 
nitude  of  the  total  pressure  in  the  circuit,  regardless  of 
the  number  of  the  components  from  which  it  is  derived 
(Fig.  69).  The  composition  of  electrical  pressures  is 
therefore  exactly  analogous  to  the  composition  of  veloc- 
ities or  of  forces.  As  in  the  case  of  velocities  or  forces, 
the  resultant  of  any  number  of  electrical  pressures  may 
ffe  determined  by  this  method. 

The  resultant  of  two  sinusoidal  alternating  electric 


rents  differ  from  each  other  in  phase  by  an  angle  tp. 
The  instantaneous  values  of  the  currents  are  repre- 
sented by  the  instantaneous  projections  of  the  lines  as 
they  revolve  around  the  point  O.  At  each  instant,  the 
lotal  current  in  the  main  circuit  is  equal  to  the  sum  of 
tiiL'  instantaneous  partial  currents,  or  to  r  -f  c'.  Consc- 
([uently,  the  magnitude  of  the  effective  or  maximum 
value  of  the  current  in  the  main  circuit  is  proportion- 
■%  represented  by  the  length  of  the  line  OA",  and  the 
angular  direction  of  OA"  gives  the  angular  relation  of 
the  phase  of  the  total  current  to  ihe  phases  of  the  par- 
tial currents.  When  the  divided  circuit  contains  more 
Ihan  two  branches,  the  same  method  may  be  extended, 
M  already  explained  for  the  composition  of  electric 
pressures. 

For  convenience  in  using  the  graphical  methods  for 
solving  alfernating-current  problems,  it  is  well  to  dis- 
liiguish  between  two  different  diagrams.  The  first 
"liagram  represents  the  magnitude  and  relative  phase 
positions  of  the  electric  pressures  or  currents.  This 
■Bay  be  called  the  Phase  Diagram.  The  other  diagram 
1!  the  polygon  formed  by  laying  off  lines  equal  and 
Parallel  to  the  lines  in  the  phase  diagram.  This  may 
It  called  the  Vector  Diagram.  Figures  68  (full  lines 
•"ily)  and  69  are  respectively  phase  and  vector  diagrams 
fur  representing  five  electrical  pressures.  The  resultant 
pressure  is  represented  in  magnitude  and  phase  by  the 
line  OA^.  If  the  closing  line  of  the  vector  diagram  is 
inserted  in  the  phase  diagram  by  drawing  from  O  a  line 
in  the  direction  obtained  by  following  round  the  vector 
diagram  against  the  direction  in  which  the  lines  were 
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drawn,  the  line  so  inserted  evidently  represents  the  re- 
sultant of  the  component  pressures  or  currents.  If  the 
line  be  drawn  from  O  in  the  opposite  direction,  it  repre- 
sents a  balancing  pressure  or  current. 

These  simple  propositions,  which  so  evidently  come 
from  the  ordinary  graphical  mechanics  (statics  and  dy- 
namics), give  a  n  that  is  necessary  for 
the  rapid  and  a  of  problems  relating  to 
the  flow  of  curr  1  compound  circuits  con- 
taining definite  uctanjces,  and  capacities 
in  th^r  diffcre  iolutions  of  complicated 
problems  the  j  1  is  often  preferable  lo 
the  analytical,  )or  of  analytical  calcu- 
lations h  rapidly  increased  with  the  complication  of  the 
circuits,  while  the  case  and  accuracy  of  graphical  calcu- 
lations are  not  affected  thereby.  The  graphical  method 
also  has  the  advantage  of  showing  directly  to  the  eye  the 
relative  phases  of  the  pressures  or  currents  ih  different 
parts  of  the  circuit.  The  graphical  solutions  have  the 
same  limitations  in  regard  16  alternating  currents  or 
pressures  which  are  not  sinusoidal  as  have  the  analytical 
methods  ;  and  where  the  wave  form  is  not  sinusoidal, 
only  an  approximation  can  be  arrived  at  by  judiciously 
correcting  the  results  shown  by  the  diagrams  bas^d  on 
sine  functions. 

The  problems  relating  to  alternating-current  circuits 
which  may  be  solved  by  graphical  methods  may  be 
divided  into  three  classes:  (i)  where  the  current  B^vs 
through  all  parts  of  the  circuit  in  series;  (2)  where  the 
same  electrical  pressure  is  impressed  upon  all  parts  of 
the  circuit  (parallel  circuits);  and  (3)  where  the  tirstand 
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second  classes  are  combined.  Solutions  in  the  third 
class  are  effected  by  combining  partial  solutions  of  the 
first  and  second  classes. 

50.  Series  Circuits.  — First  Class.    Suppose  a  circuit  is 
given  which  has  a  certain  resistance  aiM  self-inductance 
and  it  is  desired  to  know  what  impressed  pressure  with 
a  frequency  /  is  required  to  pass  through  it  a  certain 
current  C.     In  this  case  the  impressed  pressure  is  made 
up  of  two  components :  (i)  the  pressure  required  to  pass 
the  current  through  the  resistance  of  the  circuit ;  (2)  the 
pressure  required  to  balance  or  overcome  the  counter 
inductive  pressure.     The  inductive  pressure  is  90°  in 
phase  behind  the  active  pressure,  and  the  phase  dia- 
graip  which  shows  the  relative  phases  of  the  pressures 
^  the  circuit  is  therefore  like  that  shown  in  Fig.  70. 
The  active  pressure  OA'  is  equal  to  CR,  and  the  induc- 
tive pressure  OA'^  is  equal  to  2 irfLC.    The  inductive  com- 
ponent of  the  impressed  pressure  is  required  to  balance 
2Tr/ZCand  is  therefore  equal  to  and  opposite  to  OA^ , 
An  arrowhead  is  therefore  placed  on  OA^^  to  show  that 
in  the  vector  diagram  its  direction  must  be  taken  from 
^"to  0,  instead  of  from  O  outwards,  as  is  done  with  the 
other  lines.     The  vector  diagram  is  therefore  given  by 
'    drawing  O^A^  equal  and  parallel  to  0A\  A^A^  equal  and 
parallel  to  A!^Oy  and  closing  the  polygon  by  the  line 
OyA^  (Fig.  70).     The  line  O^A^  taken  in  the  direction 
from  0^  to  A^  represents  the  magnitude  and  relative 
phase  of  the  impressed  pressure.    When  inserted  in  the 
phase  diagram,  it  is  the  line  OA^^'.     The  angle  </>,  by 
which  the  current  lags  behind  the  impressed  pressure, 
is  the  angle  A^O^Ay 
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If  a  number  of  inductive  circuits  are  connected  in 
series,  the  inductive  pressure  line  of  the  phase  diagram 
is  equal  to  2  7r/C(i,  +  Z.2  + ig +etc.),  and  the  active 
pressure  line  is  equal  to  C(/?,  +  /i^  +  R3  +  etc.),  where 
/.„  L^.  L^.  R^.  K^.  R^, 
etc.,  are  the  self-induct- 
ances and  resistances  of 
the   different   parts   of 
the  circuit.     If  the  cir- 
cuit    is    non-inductive 
the  phase  diagram  and 
vector  diagram  each  be- 
come a  single  horizon- 
tal line  equal  in  length 
to  CR,  while  if  the  in- 
ductive circuit  contains 
no  resistance  the  dia- 
grams each  become  a 
single     vertical    line 
which  is  equal  in  length, 
to  2  irfLC. 
Ai       Dividing  the  lengths 
^'K.  70  of  the  sides  of  the  vec- 

tor polygon  by  the  value  of  C  gives  the  equivalent  resist- 
ance for  each.  The  vector  polygon  may  therefore  be 
used  directly  for  determining  the  impedance  of  a  circuit 
when  the  resistances  and  reactances  of  its  various  parts 
are  known.  A  vector  polygon  representing  pressures, 
and  one  representing  equivalent  resistances,  may  en 
dently  be  converted,  one  into  the  other,  by  a  simp] 
change  of  scale.    It  is  to  be  remembered  that  in  a  serii 
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circuit  the  current  has  the  same  phase,  and  is  equal  at 
any  given  instant,  in  all  parts  of  the  circuit,  but  the 
phase,  with  reference  to  the  current,  of  the  pressure  im- 
pressed at  the  terminals  of  different  parts  of  the  circuit 
depends  wholly  upon  the  relation  between  the  individual 
resistances  and  reactances  of  the  parts. 

Examples.  —  In  the  following  examples  it  is  desired 

to  find  for  each  of  the  given  circuits:  (i)  the  impedance 

of  the  circuit ;  (2)  the  current  which  flows  through  the 

circuit   when    the    impressed    pressure    is    100  volts; 

(3)  the  impressed  pressure  which  is  required  to   pass 

10  amperes  through  the  circuit ;  (4)  the  angle  by  which 

the  current  lags  behind  the  impressed  pressure.     The 

frquency  in  each  case  is  taken  to  be  127J,  whence  2  irf 

is  equal  to  800. 

Circuits  containing  Resistance  and  Self-indnctafice, 

0.  The  circuit  consists  of  a  non-inductive  resistance 
of  10  ohms.     The  phase  and  vector  diagrams  for  the 
first  two  solutions  are  resistance 
diagrams,   each    consisting   of    a 
horizontal  line  10  units  in  length. 
The  impedance  of  the  circuit  is 
10  ohms,  and  the  current  which 
flows  when    a    pressure   of    100 
volts  is  impressed  on  the  circuit 
is  10  amperes.     The  diagrams  for 
the  third  solution  are  pressure  diagrams,  each  consist- 
ing of  a  horizontal  line  CR  (=  100)  units  in  length,  and 
the  impressed  pressure  required  to   pass    10  amperes 
through  the  circuit  is  100  volts.     The  angle  (f>  is  zero. 
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b.  Tlie  circuit  coQsists  of  an  inductive  coil  of 
ohms  resistance  and  .01  henry  self-inductance.  1 
phase  and  vector  diagrams  for  the  first  two  solutii 
are  resistance  diagrams,  as  shown  in  the  figure.  T 
impedance  is  shown  by  the  closing  line  of  the  diagr 


J 
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to  be  12.8  ohms,  whence  it  is  seen  that  7.81  ampe 
wiii  flow  through  Che  circuit  when  the  impressed  pn 
ure  is  100  volts.  The  third  solution  shows  that 
impressed  pressure  required  to  pass  10  amperes  throi 
the  circuit  is  128  volts.     The  angle  ^  is  38°  40'. 
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c.  The  circuit  consists  of  a  non-inductive  coil  of  5 
ohms  in  series  with  an  inductive  coil  of  5  ohms  and  .01 
henry.    The  total  phase  and 
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vector  diagrams  for  this  are 
exactly  the  same  as  in  ex- 
ample 6.     The  vector  dia- 
gram may  be   laid   off    as 
shown  in  the  figure.     This 
shows  that  the  pressure  im- 
pressed upon  the  circuit  as 
a  whole  is  not  equal  to  the 
algebraic  sum  of  the  press- 
ures measured  between  the 
terminals   of   the   parts   of 
the  circuits,  but  it  is  still  equal  to  their  vector  sum. 

d.  The  circuit  consists  of  an  inductance  of  .01  henry. 
The  phase  and  vector  diagrams  for  the  first  two  solu- 
tions are  each  resist- 
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ance  diagrams  consist- 

• 

^ng  of  a  vertical  line 
27r/Z(=8)  units  in 
length.  The  impe- 
dance of    the   circuit 

• 

Js  8  ohms,  and  the 
cun-ent  which  flows 
through  the  circuit 
under  an  impressed 
pressure  of  100  volts 

• 

IS  12.5  amperes.  The 
(iiagrams  for  the  third 
solution    are    pressure  diagrams,  each    consistin 
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vertical  line  2vfLC{=8o)  units  in  length,  and  the  im- 
pressed pressure  required  to  pass  lo  amperes  through 
the  circuit  is  80  volts.  The  angle  0  is  90°,  and  the  cur- 
rent ther<;fore  lags  90°  behind  the  impressed  pressure.    I 


The  effect  of  " 
may  be  shown 
those  relating  t 
rent  of  the  co 

magnitude,  tha. 


iced  in  series  in  a  circuiC9 

hich  are  very  similar  toM 

uits.     The  charging  cur- 

h  a  phase   position   and 

be  total  current  flowing 

in    the   circuit    is    the 

same  as  the  effect  of 

an     electric     pressure 

C 
which  is  equal  to -r 

2-:r/s 

and  is  go°  in  advance 
of  the  circuit  current 
This  may  be  called  the 
Condenser  Pressure  (see 
Sect.  31).  The  phase 
diagram  is  like  that 
shown  in  Fig.  71,  The 
pressure  impressed  on 
the  circuit  when  cur- 
rent C  flows,  must 
consist  of  two  compo- 
nents: (i)  the  press- 
ure required  to  pass 
the  current  through 
the  resistance  of  the 
circuit ;   (2)  the  press- 
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ure  required  to  balance  the  condenser  pressure.     The 

active  pressure  OA^  in  the  figure  is  equal  to  C7?,  and 

r 
the  condenser  pressure  OA^^  is  equal  to  — --  and  is 

90°  in  advance  of  the  active  pressure.    The  capacity  com- 
ponent of  the  impressed  pressure  is  required  to  balance 
r 

— -,  and  is  therefore  equal  and  opposite  to  0A^\  An 
2Tr/]r 

arrowhead  is  therefore  placed  on  OA^^  to  show  that  in 
the  vector  diagram  its  direction  must  be  taken  from  /I" 
to  0,  instead  of  from  O  outwards.     The  vector  diagram 

is  then  as  shown  in  Fig.  71  (compare  with  Fig.  70). 
Examples. — The  following  examples  are  to  be  solved 

(or  the  same  constants  as  before,  the  frequency  being 

taken  as  127 J. 


Circuits  containiifg  Resistance  and  Capacity. 

^.  The  circuit  contains  simply  a  condonser  having  a 
capacity  of  100  microfarads  (  =  .oooioofaiiad).  The  phase 
and  vector  diagrams  s-100 


for  the  first  two  solu- 

r~l . 

•  1 

tions  are  each  resist- 

ance diagrams  consist- 

ing of  a  vertical  line  /( 

— 7  (sss  12.5)  units  in 
2vfs^         -" 

length.      The    impe- 
dance of  the  circuit  is 
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current    which   flows 

through    the    circuit, 
when  100  volts  is  im- 
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pressed   on   it,  is  8  amperes.      The  diagrams  for  the 
third  solution  are  pressure  diagrams  each  consisting  of 

a  vertical  line  — —  (=125)  units  in  length,  and  the 
2  w/s  >         -"  f     ' 

impressed  pressure  required  to  pass  10  amperes  through 

the  circuit  is  125  volts.     The  angle  ^  is  —90°,  that  is, 

the  current  is  g  the  impressed  pressure. 

The  lines  comj  ims  for  this  example  are 

drawn  in  a  dirt  tactly  opposite  to  that  of 

the  lines  in  th(  s  example  d. 


r 
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Solution  / 

_/!  The  circuit  consists  of  a  resistance  of  10  ohms 
and  a  capacity  of  100  microfarads.  The  phase  and  vec- 
tor diagrams  are  shown  in  the  figure.  The  impedance 
of  the  circuit  is  16  ohms  and  the  current  which  flows 
under  an  impressed  pressure  of  lOO  volts  is  6.25  am- 
peres.    The  impressed  pressure  required  to  cause  10 
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»eres  to  flow  through  the  circuit  is  160  volts.    The 
le  ^  is  —51**  20'. 

Circuits  containing  Self-inductance  and  Capacity. 

The  circuit  consists  of  a  capacity  of  100  micro- 
ds  in  series  with  an  inductance  of  .01  henry.    The 
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Solution  g 

igrams  are  as  shown.  The  impedance  of  the  circuit 
4-5  ohms.  The  current  which  flows  when  the  im- 
3ssed  pressure  is  100  volts  is  22.2  amperes,  at  which 
le  the  pressure  measured  between  the  terminals  of 
I  condenser  is  277.5  volts  and  that  measured  between 
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the  terminals  of  the  inductance  is   177.6  volts. 
impressed  pressure  required  to  pass  10  amperes  ihn 
the  circuit  is  45  volts.     The  angle  ^  is  —  90". 

//.   The  circuit  consists  of  a  capacity  of   125  ni 
farads  in  series  with  an  inductance  of  .015  henry. 


S-1S5 


impedance  of  the  circuit  is  2  ohms  and  the  cu 
which  flows  under  100  volts  impressed  pressure  i 
amperes,  at  which  time  the  jiressure  measured  bet 
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terminals  of  the  condenser  is  500  volts  and  between 

terminals  of  the  inductance  is  600  volts.     The  im- 

ised  pressure  required  to  pass  10  amperes  through 

circuit  is  20  volts.     With  this  current  flowing,  the 
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Jsure  measured  between  the  terminals  of  the  con- 
ser  is  100  volts  and  between  the  terminals  of  the 
ictance  is  120  volts.     The  angle  <^  is  90*^. 
The  circuit  consists  of  a  capacity  of   100  micro- 
Is  in   series  with   an   inductance  of   .0156  henry. 
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The  phase  and  vector  diagrams  are  shown  in  the  figure. 

In  this  case -p-  =  2  irfL  and  the  impedance  of  the 

circuit  is  zero. 

Circuits  containing  Resistance^  Self -indue  tatice^ 

and  Capacity, 

j.  The  circuit  consists  of  10  ohms  in  series  with  100 
microfarads  and  .01  henry.  The  impedance  of  the  cir- 
cuit is  shown  by  the  diagram  to  be  1 1  —  ohms.  The 
current  which  flows  through  the  circuit  when  100  volts 
are  impressed  at  its  terminals  is  9.1  amperes.  The 
pressure  required  to  pass  10  amperes  through  the  cir- 
cuit is  no  —  volts.  This  is  the  vector  sum  of  125  and 
128,  which  are  the  pressures  measured  respectively 
between  the  condenser  terminals  and  the  remainder  of 
the  circuit.     The  angle  </>  is  —  24°  14'. 

k.  The  circuit  consists  of  10  ohms  in  series  with  150 
"microfarads  and  .01042  henry.  The  diagrams  show  that 
the  impedance  of  the  circuit  is  ten  ohms.  One  hundred 
^'olts  is  therefore  the  impressed  pressure  that  gives  a 
current  of  10  amperes.  When  10  amperes  flow  in  the 
circuit,  the  pressure  measured  between  the  terminals  of 
the  condenser  is  83.3  volts,  and  that  measured  between 
the  terminals  of  the  remainder  of  the  circuit  is  130  volts. 
The  angle  <^  is  zero. 

H.  Conclusions  in  regard  to  Series  Circuits.  —  The 
eleven  examples  thus  given  cover  every  fundamental 
arrangement  of  series  circuits  which  may  occur.  An 
examination  of  the  diagrams  and  of  the  principles 
involved  in  their  construction,  makes  the  following 
statements  evident : 


^ 
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1.  When  non-inductive  circuits  arc  connected  in 
series,  the  total  impressed  pressure  equals  the  sum  of 
the  pressures  measured  between  the  terminals  of  the 
individual  parts,  and  the  total  resistance  of  the  circuit  is 
equal  to  the  sum  of  the  resistances  of  the  individual 
parts. 

2.  When  inductive  circuits  of  equal  time  constants 
are  connected  in  series,  the  total  impressed  pressure 
equals  the  sura  of  the  pressures  upon  the  individual 
parts,  measured  between  their  individual  terminals,  and 
the  total  impedance  of  the  circuit  is  equal  to  the  sum  of 
the  individual  impedances. 

3.  When  inductive  and  non-inductive  circuits  are  con- 
nected in  series  with  each  other,  or  when  inductive 
circuits  of  unequal  time  constants  are  connected  in 
series,  the  total  impressed  pressure  equals  the  vector 
sum,  which  is  always  less  than  the  algebraic  sum,  of  the 
pressures  measured  between  the  terminals  of  the  indi- 
vidual parts,  and  the  individual  pressures  are  each  less 
than  the  total  impressed  pressure.  The  total  impe- 
dance of  the  circuit  is  equal  to  the  vector  sum  of  the 
individual  impedances,  each  of  which  is  less  than  the 
total. 

4-  When  condensers  are  connected  in  series  by  con- 
ductors of  negligible  resistance^  the  total  impressed 
pressure  equals  the  sum  of  the  pressures  measured 
across  the  individual  condensers,  and  the  total  im- 
pedance of   the   circuit   is   equal   to   the   sum    of  the 

> 

impedances  of  the  individual  condensers. 

5.  When  condensers  are  connected  in  series  with 
fion-inductive   resistances,  the   total  impressed  pressure 


i 
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equals  the  vector  sum,  which  is  always  less  than  the 
algebraic  sum,  of  the  pressures  measured  between  the 
terminals  of  the  individual  parts  of  the  circuit,  and 
the  individual  pressures  are  each  less  than  the  total  im- 
pressed pressure.  The  tot^  impedance  of  the  circuit 
is  equal  tu  the  vector  sura  of  the  individual  impedances, 
each  of  whic  total. 

6.    When   I  :onnected   in   series  ttiil/i 

intiiictivf  rest  impressed  pressure  equal* 

the  vector  sun  ys  less  than  the  algebraic 

sum,  of  the  p  ed  between  the  terminal* 

of  theindividi  ircuit.    Since  theeffectsol 

capacity  and  self-ii  spectively  cause  the  angle 

0  to  beciimc  negative  and  pi,..itive,  the  indhidual prni- 
uns  may  be  cither  grtater  or  less  titan  the  total  impressed 
pressure,  depending  upon  the  relation  between  the  vari- 
ous resistances,  capacities,  and  inductances  in  the  cir- 
cuit. The  total  impedance  of  the  circuit  is  equal  to  the 
vector  sum  of  the  individual  impedances,  each  of  which 
may  be  either  greater  or  less  than  the  total  impedanse. 

The  third,  fifth,  and  sixth  paragraphs  above  make  the 
following  proposition  evident :  When  in  series  circuits, 
the  angles  taken  between  the  phases  of  the  current  and 
the  individual  pressures,  measured  at  the  terminals  of  the 
parts  of  the  circuit,  are  all  either  positive  or  negative, 
the  total  impres.sed  pressure  is  always  greater  than  any 
of  the  individual  or  partial  pressures.  When  the  angles 
taken  between  the  phases  of  the  current  and  the  partial 
pressures  are  in  part  positive  and  in  part  negative,  some 
or  all  of  the  partial  pressures  may  be  greater  than  the 
total  impressed  pressure. 
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I  Parallel  Circuits.  —  Second  Class.  The  graphical 
pnent  of  problems  relating  to  parallel  circuits  is  en- 
b  analogous  to  that  given  for  series  circuits.  As  the 
Hest  cases  of  parallel  circuits  are  those  in  which  the 
■  electrical  pressure  is  impressed  upon  all  the  parts 
be  circuit,  these  will  be  treated  first.  In  this  class 
tame  general  operations  are  used  in  solving  prob- 
las  in  the  first  class,  but  alternating  currents  and 
Iprtional  conductivities  are  dealt  with  instead  of 
loating  pressures  and  proportional  resistances.    Sup- 

II  circuit  made  up  of  two  branches  in  parallel,  each 
la  known  resistance  and  reactance,  and  it  is  desired 
bow  what  impressed  pressure  with  a  frequency/"  is 
iircd  to  pass  through  it  a  certain  current  C,  In  this 
[,  the  total  current  is  made  up  of  two  components, 
lof  which  flows  through  one  of  the  branches  and  is 

iely  proportional  to  the  impedance  of  the  branch, 
e  phase  of  which  has  an  angular  retardation  with 
t  to  that  of  the  impressed  pressure  which  depends 
e  time  constant  of  the  branch.  The  total  cur- 
Ihich  is  inversely  proportional  to  the  equivalent 
e  of  the  parallel  circuit,  is  equal  in  magnitude 
I  to  the  resultant  of  the  branch  currents, 
jdition  is  represented  by  Fig.  72,  in  which  OA 
:  the  currents  in  the  two  branches  respec- 
knd  ^'  being  their  resjiective  lag  angk's.  The 
Ihase  position  of  the  impressed  pressure  is 
Bthe  horizontal  line.  Then  the  resultant  or 
kt  in  the  circuit  is  represented  in  magnitude 
1  p 

fcy  OA".     OA  is  equal  to  —,  OA'  is  equal  to 
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and  OA^^  is  equal  to  — ,  where  E  is  the  pressure  im- 

ressed  on  the  circuits,  and  the  denominators  of  the 
actions  are  the  respective  impedances  of  the  branches 
nd  of  the  total  circuit.  It  is  therefore  evident  that  the 
eciprocal  of  the  equivalent  impedance  (=  the  equiva- 
lent apparent  conductivity)  on  a  parallel  circuit  may 
be  at  once  derived  from  the  apparent  conductivities  of 
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Pifir.  74 


the  branches,  by  taking  their  vector  sum,  as  is  shown 
m  Fig.  73.  The  equivalent  apparent  conductivity,  or 
the  equivalent  impedance  of  a  circuit  being  known,  the 
pressure  required  to  pass  a  given  current  through  it,  or 
the  current  flowing  under  a  given  impressed  pressure, 
roay  be  at  once  derived.  In  dealing  with  series  cir- 
cuits, the  phase  of  the  current  (or  active  pressure)  has 
l^en  assumed  to  be  along  the  horizontal  line,  or  line  of 
reference.     In  dealing  with  parallel  circuits,  it  is  more 

N 


i 


178  ALTERNATING  CURRENTS. 

convenient  to  assume  the  phase  of  the  impressed  press-J 
ure  (or  apparent  conductivity)  for  the  reference  phase. 
It  must  always  be  remembered,  however,  that  angles 
of  lag  arc  measured  from  lines  representing  current  to 
lines  representing  pressure.  Thus,  in  Fig.  74,  the 
angle  ip  is  posi  '      *  '  e  current  lags  behind  the 

pressure. 

Examples.  -  ng  examples  it  is  desired 

to  find  for  each  rcuits  :  (1)  the  equivalent 

impedance  of  t  the  current  which  flows 

through  the  circ  mpresscd  pressure  is  100 

volts ;  {3)  the  iuj  mre  which  is  required  to 

pass  10  amperes  through  tl  circuit;  (4)  the  angle  by 
which  the  total  current  lags  behind  the  impressed  press- 
ure. The  frequency  is  taken  as  in  the  examples  of  the 
first  class  to  be  127^,  whence  2  71/  is  equal  to  800. 

Circuits  containing  Resistance  and  Self-inditctance. 

a.  The  circuit  consists  of  two  non-reactive*  branches 
in  parallel,  one  having  20  ohms  resistance  and  the  other 
10  ohms  resistance.  The  phase  diagram  for  the  solu- 
tions, using  the  apparent  conductivities  of  the  circuits 
as  a  basis  of  work,  is  two  horizontal  lines  superposed,  of 
lengths  respectively  .05  and  ,10  unit.     The  vector  dia- 

•Thc  IcmiB  ;m  •■,,'■  .,  ■■■■..:'■.  inid  reaitivc  circuit,  will  hereafter  he 
used  Willi  Ihc  (.1  :    an  inrfurftw  firfurt  is  one  conWin- 

ing  inductance,  but  not  tipatity  ;  a  capatity  ot  temdenter  eirctdt  i*  ■ 
containing  capatily.  Iiul  nol  indattancc;  7.  rtatHve  circuit  y&aoitcvBX 
ing  either  iiiduclance  nr  capacity  or  both  inductance  and  capacity 
nen-rraaivi  lircuil  is,  therefoic,  une  which  contains  neither  induct 
nor  capacity,  that  is,  one  which  contains  a  plain  resistance  onl;. 
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;in   is  given    by  drawing   these    consecutively,   and 

equivalent  apparent  conductivity  of  the  circuit  is 

[5  in  the  figure.     The  equivalent  impedance  of  the 

Ri-10 
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:uit  is  therefore  6.6j  ohms.  The  current  flowing 
ler  100  volts  pressure  is  15  amperes,  and  the  press- 
\  required  to  pass  10  amperes  through  the  circuit  is 
7  volts. 

h.  The  circuit  consists  of  a  non-reactive  branch  of  10 
msand  an  inductive  branch  of  .01  henry.  The  phase 
igram  consists  of  two  lines  at  right  angles  (one  being 
)rizontal),  since  the  current  in  the  non-reactive  branch 
in  phase  with  the  impressed  pressure,  and  that  in  the 
ductive  branch  lags  90°  behind  the  impressed  pressure. 

he  lengths  of  the  lines  are  respectively  -—   (=.io) 

lits  and (=  .125)  units.     The  vector  diagram  is 

2irfL 

own.  The  equivalent  conductivity  of  the  circuit  is 
5  and  the  impedance  is  6.25  ohms.  The  current 
wing  under  an  impressed  pressure  of  100  volts  is  16 
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respectively  ,oi  and  .0125  henry.  The  diagrams  con- 
sist of  vertical  lines  as  shown.  The  conductivity  is 
.225  and  the  impedance  is  4.44  ohms.     The   current 
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flowing  under  100  volts  pressure  is  22.5  amperes,  and 
it  requires  44.4  volts  to  cause  10  amperes  to  flow.  The 
angle  of  lag  is  go°. 

e.  The  circuit  consists  of  two  reactive  branches  of 
respectively  .005  henry  and  10  ohms,  and  ,0125  faeniy 
and  8  ohms.  The  diagrams  are  as  shown.  The  conduc. 
tivity  of  the  circuit  is  .165,  and  the  impedance  is  6.06 
ohms.     The  current  flowing  under  100  volts  pressure  it 
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16.5  ampereSy  and  the  pressure  required  to  pass  10 
amperes  through  the  circuit  is  60.6  volts.  The  angle  ^ 
is  SS""  16'. 

The  five  preceding  examples  cover  all  the  fundamen- 
tal combinations  of  resistance  and  inductance  in  parallel 
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circuits.     The  following  four  in  like  manner  cover  the 
I     combinations  of  resistance  and  capacity.     The  solutions 
in  the  two    cases    are    entirely   similar,    but    the    lag 
angles  become  negative   on  account  of   the   influence 
of  capacities. 

Circuits  containing  Resistance  and  Capacity. 

/.  When  two  or  more  condensers  are  connected  in 
parallel  by  wires  of  negligible  resistance,  they  evidently 
act  upon  the  circuit  exactly  as  though  it  contained 
one  condenser  with  a  ca{>acity  equal  to  the  combined 
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The  following  examples  cover  the  fundamental  com- 
binations of  capacities  and  inductatues. 

j.  The  circuit  consists  of  two  reactive  branches,  re- 
spectively of  5  ohms  and  .005  henry,  and  of  10  ohms 
and  100  microfarads.  The  conductivity  of  the  circuit 
is  shown  to  be  .168  and  the  impedance  is  5.95  ohms. 
The  current  flowing  under  a  pressure  of   100  volts  is 
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16.8  amperes,  and  the  pressure  required  to  cause  a 
current  of  10  amperes  is  59.5  volts.  The  angle  ^  is 
16*^  50'. 


R-6,  L-.006 


R-10 


8-100 


k.  The  circuit  consists  of  two  reactive  branches, 
respectively  of  10  ohms  and  .0156  henry,  and  of  5  ohms 
and  200  microfarads.  The  conductivity  is  shown  to  be 
.127  and  the  impedance  of  the  circuit  is  y.Zj  ohms. 
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The  current  flowing  under  r  pressure  o£  lOo  volts  isj 
12.7  amperes,  and  78.7  volts  are  required  to  pass  ICKq 
amperes  through  the  circuit.     The  angle  0  is  —  32"  37*--l 


k 


/.  The  circuit  consists  of  two  reactive  branches  of 
respectively  10  ohms  and  .01042  henry,  and  10  ohms 
and  150  microfarads.     The  diagrams  show  that  the  im- 
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pedance  of  the  circuit  is  8.47  ohms  and  the  angle  <f>  is 
equal  to  zero. 

R-10,     L-.Q10i3 

rnnnnnnnnrn 

R-10.         8-lfiO 
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Solution  { 

m.  The  circuit  consists  of  two  reactive  branches  re- 
spectively of  10  ohms  and  .01  henry,  and  of  100  micro- 
farads. The  diagrams  show  the  joint  impedance  to  be 
14.5  ohms.  The  impedances  of  the  branches  are  re- 
spectively 12.8  and  12.5,  so  that  when  the  impressed 
pressure  is  100  volts,  6.9  amperes  flow  in  the  main 
circuit,  while  8  and  7.8  amperes  respectively  flow  in 
the  branches.     The  angle  ^  is  —  27°  10'. 

tk  The  circuit  consists  of  two  reactive  branches  re- 
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spectively  of  .01  henry,  and  of  10  ohms  and  100  micro- 
farads. The  diagrams  show  the  impedance  to  be  ii-fi 
ohms.  The  impedances  of  the  branches  are  respec- 
tively 8  and  16,  so  that  when  100  volts  pressure  is 
impressed   upon  the  circuit   8,6   amperes   flow  in  ^ 


main  leads,  while   12.5  and  6.25  amperes  flow  respec 
lively  in  the  two  branches.     The  angle  <f>  is  62"  53'. 

0.  The  circuit  consists  of  two  reactive  branches  it 
spectively  of  .01  henry  and  of  100  microfarads.  Th 
impedance  of  the  circuit  is  22.2  and  the  impedance 
of  the  branches  are  respectively  8  and  12.5  ohms,  Whe 
the  impressed  pressure  is  100  volts,  the  main  current  i 
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4.5  amperes  and  that  in  the  branches  is  12.5  and  8 
amperes.     The  angle  <f>  is  90°. 
/.  The  circuit  consists  of  two  reactive  branches  of 
respectively  .01042  henry  and  150  microfarads.   The  dia- 
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STams  show  that  the  two  branch  currents  are  in  exact 
opposition  and  of  equal  value  and  that  the  joint  con- 
ductivity is  zero,  so  that  the  main  current  is  zero. 
HTien  the  impressed  pressure  is  100  volts  the  branch 
"urrents  are  each  12  amperes,  and  when  10  amperes 
bw  in  each  branch  the  pressure  is  83.3  volts. 
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53.  Conclusions  in  Regard  to  Parallel  Circuits.  —  Sec- 
ond Class.  The  sixteen  examples  just  presented  cover 
every  fundamental  arrangement  of  simple  parallel  cir- 
cxiits.  An  examination  of  the  diagrams  and  the  prin- 
ciples involved  in  their  construction  makes  evident  the 
following  statements,  which  are  in  many  respects  anal- 
ogous to  those  given  as  applying  to  series  circuits : 

1.  When  non-reactive  circuits  are  connected  in  par- 
allel, the  total  current  equals  the  algebraic  sum  of 
the  currents  in  the  branches,  and  the  joint  conductivity 
of  the  circuit  is  equal  to  the  algebraic  sum  of  the 
branch  conductivities. 

2.  When  inductive  circuits  of  equal  time  constants 
are  connected  in  parallel,  the  total  current  equals  the 

I,  algebraic  sum  of  the  currents  in  the  branches,  and  the 
joint  conductivity  of  the  circuit  is  equal  to  the  alge- 
braic sum  of  the  branch  conductivities. 

3.  When  inductive  and  non-reactive  circuits  are  con- 
nected in  parallel  with  each  other,  or  when  inductive  cir- 
cuits of  unequal  time  constants  are  connected  in  parallel, 
the  total  current  is  equal  to  the  vector  sum,  which  is 
always  less  than  the  algebraic  sum,  of  the  branch  cur- 
rents, and  the  individual  branch  currents  are  each  smaller 
than  the  total  current.  The  joint  conductivity  of  the 
circuit  is  equal  to  the  vector  sum  of  the  branch  con- 

I   ductivities,  each  of  which  is  less  than  the  joint  total. 

'  4.  When  condefisers  are  connected  in  parallel  by 
"ivircs  of  ftegligible  resistance,  the  total  current  equals 
the  algebraic  sum  of  the  branch  currents,  and  the  joint 
conductivity  equals  the  algebraic  sum  of  the  branch 
conductivities. 
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S-  When  condensers  are  connected  in  parallel  wtk 
non-rcacth'c  resistances,  the  total  current  equals  the  vec- 
tor sum,  which  is  always  less  than  the  algebraic  sum, 
of  the  branch  currents,  and  the  individual  branch  cur- 
rents are  each  smaller  than  the  total  current.  The  joint 
conductivity  of  the  circuit  equals  the  vector  sum  of  the 
branch  condiic  which  is  smaller  than  the 

joint  total. 

6.    When  «  }nnected  in  parallel  with 

inducth'e  circx  current  equals  the  vector 

sum,  which  is  an  the  algebraic  sum,  of  j 

the   currents  ;s.     Since  the  effects  o(  1 

capacity  and  of  £     i-indui        :e  respectively  cause  the  ' 
angle  ^  to  become  negative  i  id  positive,  the  individud 
branch  cunriils  may  be  either  greater  or  less   than  !ht 
mnin  or  tplal  current,  depending  upon  the  relation  be-   , 
tween  thi:  various  capacities  and  inductances  in  the  dr-  | 
cuit.     The  joint  conductivity  of  the  circuit  equals  the  I 
vector  sum  of  the  branch  conductivities,  each  of  which 
may  be  either  greater  or  less  than  the  joint  conductivity. 

The  third,  fifth,  and  sixth  paragraphs  make  evident 
this  proposition,  which  is  similar  to  that  given  for  series 
circuits  (Sect,  ji):  When  in  parallel  circuits  the  cur- 
rents in  the  branches  arc  all  either  lagging  or  leading 
with  respect  to  the  impressed  pressure,  the  total  or 
main  current  is  always  greater  than  the  current  in 
any  one  of  the  branches.  When  the  currents  in  part 
of  the  branches  lead  the  impressed  pressure  and  in 
other  branches  lag  behind  the  pressure,  some  or  ail  i 
the  branch  currents  may  be  greater  than  the  total  or  mat 
cirrent.      It  is  even  theoretically  possible  for  the  angl 
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such  a  relation  that  a  large  current  may  Jlow  in 
ranches  while  the  main  current  is  zero. 

With  the  methods  thus  set  forth  it  is  possible  to 
any  problem  which  may  arise  in  regard  to  the  im- 
ice  presented  by  any  circuit  to  the  flow  of  a  sinu- 
l  current.  When  the  current  is  not  sinusoidal  the 
rtions  do  not  strictly  apply,  but  for  the  alternating 
nts  which  are  commonly  found  in  practice  the 
odmation  of  the  deductions  to  the  facts  is  fairly 
*  In  every  case  it  is  assumed  that  the  parts  of 
ircuits  have  no  appreciable  mutual  magnetic  effect, 
e  parts  are  mutually  inductive,  the  solutions  be- 
entirely  different  and  much  more  complicated, 
e  solutions  for  parallel  circuits  may  be  made  by 
er  method  in  which  pressures  and  impedances  are 
^ed.  This  method  may  be  best  exemplified  by 
'ations.  Suppose,  for  instance,  it  is  desired  to  find 
dnt  impedance  of  the  branched  circuit  in  example  e 

52).     It  may  be  assumed  that  an  impressed  press- 

f  100  volts  acts  on  the  circuit.     Upon  a  line,  OX, 

senting  this  pressure  (Fig.  74)  is  drawn  a  semi- 

From  O  draw  the  line  OA  making  a  lag  angle  of 

th  OX,  where  tan  ^^  =  — ^— ^  =  .4.     Then  OA  is 

to  C^R^  and  XA  is  equal  to  2  irfL^C^  since  the 

at  ^  is  a  right  angle.     The  current  in  this  branch 

OA 
the  impressed  pressure  is  equal  to  OX,  is  -— , 

^1 
his  may  be  laid  off  from  O  to  B.     The  current  in 


mpare  Bedell  on  hedgehog  transformer  with  condenser,    Trans, 
^mi.  E,  E,t  Vol.  10,  p.  515. 
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and  it  simply  requires  experience  to  acquire  con 
abJe  facility  in  the  solutions  relating  to  the  most 
plicated  circuits.     Several  examples  are  given  bel 


1-18. 


indicate  the  general  proceciure.  In  these  example 
desired  to  determine  as  before  :  (i)  the  total  impe 
of  the  circuit ;  (2)  the  total  current  flowing  ur 
pressure  of  icx)  volts  ;  (3)  the  pressure  required  to 
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10  amperes  to  flow ;  and  (4)  the  lag  angle  between  the 
total  current  and  the  impressed  pressure.  The  frequency 
is  taken  as  127^. 

a.  The  circuit  consists  of  an  inductive  coil  of  10  ohms 
and  .01  henry  in  series  with  a  branched  circuit  similar 
to  ^,  Sect.  52.  We  know  that  the  parallel  part  of  the 
circuit  has  an  impedance  of  6.06  ohms,  and  that  the  lag 
angle  is  35°  16'.  Therefore  OA^  is  laid  off  in  the  phase 
diagram  6.06  units  in  length,  and  making  the  proper 
angle  with  the  horizontal.  The  line  OA'^  is  then  laid 
off  horizontally  R^{^  10)  units  long,  and  OA"^  is  laid 
off  vertically  2  'nfL^{^  8)  units  long.  In  the  vector  dia- 
gram O^A^  is  equal  and  parallel  to  0A\  A^A^  to  0A^\ 
and  A^A^  to  OA'^^.  The  length  of  the  line  O^A^  gives 
the  impedance  of  the  circuit,  which  is  equal  to  18.8 
ohms.  The  current  which  flows  under  a  pressure  of 
100  volts  is  5.32  amperes,  and  it  requires  188  volts  to 
cause  10  amperes  to  flow  through  the  circuit.  The 
angle  of  lag,  <^,  is  the  angle  A^O^X^  and  is  equal  to 

37°  34'. 

b.  The  circuit  consists  of  an  inductance  of  .01  henry 

• 

in  series  with  a  branched  circuit  having  two  branches 
containing   respectively  40  ohms  and   100  microfarads. 
The  joint  impedance  of  the  branched  part  of  the  circuit 
is  first  found  in  the  usual  manner.     This  is  11.9  ohms, 
and  the  lag  is  —  72^  40'.     In  the  phase  diagram,  OA^  is 
therefore  laid  off  equal  to  u.9  and  making  a  lag  angle 
of  -.72°  40',  and  OA^^  is  laid   off  2  73r/Z(=8)  units  in 
length  and  making  a  lag  angle  of  90°.    Laying  off  the  vec- 
tor diagram  gives  O^A^  equal  to  4.68  and  making  a  lag 
angle  of  —  43^  40'.     The  current  flowing  under  a  press- 


202  ALTI£  UNA  TING   CUKRKNTS. 

fc'  40- R 


MKIIIODS   or   SOIA'INC    rkor.LKMs.  203 

• 

ure  of  icx)  volts  is  21.4  amperes,  and  the  pressure  required 
to  cause  10  amperes  to  flow  is  46.8  volts.  When  10 
amperes  flow  in  the  main  circuit,  the  pressure  at  the 
terminals  of  the  branched  circuit  is  119  volts,  and  the 
currents  which  flow  through  the  resistance  and  the  con- 
denser are  respectively  3  amperes  and  9.5  amperes.  The 
pressure  across  the  inductance  Z3  is  then  80  volts. 

ij.  If  the  frequency  in  the  preceding  example  is  cut 
down  to  80,  the  relations  are  materially  changed.  The 
impedance  of  the  branched  circuit  becomes  17.8  ohms, 
and  the  lag  angle  in  it  is  —  63°  32'.  The  phase  dia- 
gram, therefore,  is  as  shown.  From  the  vector  diagram 
it  is  seen  that  the  joint  impedance  of  the  whole  circuit 
is  13.5  ohms,  and  the  total  current  is  54°  o'  ahead  of  the 

■ 

Impressed  pressure.  The  total  current  flowing  when 
the  impressed  pressure  is  100  volts  is  7.4  amperes,  and 
it  requires  135  volts  to  cause  10  amperes  to  flow.  When 
>o  amperes  are  flowing,  the  pressure  at  the  terminals 
of  the  branched  circuit  is  178  volts,  and  the  currents 
^hich  flow  through  the  resistance  and  the  condenser  are 
445  and  8.9  amperes  respectively,  while  the  pressure 
^ross  the  inductance  Zg  is  50  volts.  To  maintain  a 
pressure  of  100  volts  at  the  terminals  of  the  divided  cir- 
^^it  requires  an  impressed  pressure  of  76  volts.  With 
^his  pressure  5.6  amperes  flow  through  the  circuit. 

('  The  circuit  consists  of  a  combination  as  shown  in 

^he  figure  on  page  204.    The  resistances  of  the  branches 

of  the  circuit  are  Ri  =  S  ohms,  ^2  =  10  ohms,  -^3=8 

ohms;  the  inductances  are  Zj  =  .005  henry,  L^  =  .oi 

kenry,  Z3  =  .0125  henry ;  and  the  capacities  are  jj  =  150 

microfarads,  ^2=  '<^  microfarads,  ^3=  ^25  microfarads. 


r 
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ample  <^j  made  by  that  method.     In  this  it  is  assumed 
that  100  volts  is  impressed  upon  the  branched  part  of  the  I 
circuit.    Then  lay  off  a  length  OX  on  the  horizontal  axis  ' 
representing  100  voJts  and  mark  OC^  =  ^^  =  2.5,  which 
is  the  current  in  the  first  branch.     The  current  in  the 
second  branch  is  90°  in  advance  of  the  pressure,  and  is 
represented  by  OCj  which  is  vertical  and  2tr/s^E{=^)  1 
units  in  length.     The  resultant  of  these  currents  is  OC,  j 
which  is  5.6  units  in  length.     The  impressed  pressure  ' 
measured  across  the  terminals  of  the   entire  circuit  is 
the  resultant  of  the   too  volts  at  the  terminals  of  the 
branched  part  of  the  circuit,  and  the  pressure  required 
to  pass   5.6  amperes  through  the  inductance  i,  =  .Oi 
henry.     The   line   representing   the   tatter  pressure  is 
perpendicular  to  the  line   representing  the  current  in 
the  circuit.     Drawing  a  semicircle  on  OX,  and  from  the 
intersection  of  OC  with  the  semicircle  drawing  a  line  to 
X  gives  the  direction  of  this  pressure.     The  magnitude 
of  the  pressure  is  2irfL^C  =2Z  volts.     This  pressure 
must  be  laid  off  from  X  to  E,  and  the  total  impressed 
pressure  is  represented  by  OE.     This  shows  that  whe" 
100  volts  is  maintained  at  the  terminals  of  the  branched 
circuit,  76  volts  must  be  impressed  on  the  total  circui'- 
The  resistances  of  the  circuit  may  be  calculated  fronJ 
the  data  thus  found,  as  also  can  the  pressure  required  ^"J 
maintain  a  certain  current  through  the  circuit.  ^| 

Figure  82  shows  the  solution  of  example  c  by  thi'^H 
method.  As  before,  the  pressure  at  the  terminals  <^^k 
the  divided  circuit  is  assumed  to  be  100  volts  for  the-^l 
purposes  of  the  solution.  This  is  laid  down  as  OX,  andH 
a  semicircle  is   drawn    upon   the   line   as   a   diameter.™ 
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L03  is  equal  to  zero,  so  that  the  current  in  the 
:  branch  is  laid  off  on  OX  to  B^  a  distance  of  12.5 
ts.  Tan  ^3  =  .45,  as  shown  by  calculation,  and  the 
\0A^  is  laid  oflf  at  that  angle  from  OX,  From  O 
this  line,  Off  is  laid  oflf  equal  to  the  current  in  the 

ond  branch,  or  -OX,      The  resultant  of  the  lines 

^  and  Off  is  Off\  which  represents  the  total  cur- 
it  in  the  circuit.     OA^^  is  the  equivalent  active  press- 


OC-10&6 


e  in  the  circuit.  The  total  pressure  impressed  on  the 
cuit  is  the  resultant  of  the  pressure  impressed  on 
-  divided  circuit,  the  active  pressure  due  to  resistance 
and  the  reactive  pressure  due  to  Z^  and  s^  The 
ive  pressure  required  to  pass  current  OB^^  through 
is  represented  by  OC^  which  is  equal  to  CR^,  The 
:tive  pressure  is  perpendicular  to  this  and  is  equal  to 
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2TrfL,C ;    it    is  represented   by    the  line  CD. 

2  7r/Ji  ' 

The  pressure  impressed  on  the  parallel  circuit  is  repre- 
sented by  the  line  DE,  which  is  equal  and  parallel  to 
OX.  The  closing  line.  OE,  represents  the  impressed 
pressure  E  on  the  circuit  when  the  current  is  C,  and 

the  impedam  is  —  =  10.97.     The  angle 

of  kg  is  the  .  iS"  25'. 

56.  AnAnj  — The  problems  just  solvec 

graphically  n  y  solved  analytically.* 

In  Sect.  41,  hown  that  current,  press 

ure,  and  impeQmii.t;  determined  in  magnitui' 

and  rehtive  phase  by  means  of  a  polar  diagram.  Thus 
in  Fig,  83,  suppose  OX  to  be  the  initial  line  ai»' 
OA',  OA",  and  OA'"  to  be  pressures  or  impedances  i' 
series,  or  currents  or  conductances  (reciprocals  of  irr 
pedanccs)  in  parallel,  which  are  represented  in  relaliw 
phase  by  the  angular  positions,  and  in  magnitude  tn 
the  lengths  of  the  lines.  It  has  just  been  shown  th£ 
the  resultant  of  two  or  more  similar  electrical  quantiti£ 
may  be  found  by  treating  their  representative  lines  a 
vectors ;  such  vectors  may  be  combined  by  algebra' 
cally  adding  the  vertical  and  horizontal  components  o. 
the  individual  lines,  by  which  means  the  vertical  and 
horizontal  components  of  the  resultant  are  determined. 
If  a',  b' \  a",  li" ;   and  a'",  b'"  are  the  horizontal  and 

■Slcliunelz  on  Complex  Quantilies,  Procttdings  of  tht  iHlernatintt 
Cengreis  hildal  ChiiO!;o  in  'Sgs<  P>  33;  Steinmeli  on  Hystete^  TVaiu. 
Amer.  Insl.  E.E.,\o\.  i:,  p.  576;  Tail's  Qualernioni,  Hardy's  ^jtoOf 
Hum,  etc. 
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srtical  components  of  OA',  OA'',  and  OA'",  and  A,  B, 
le  components  of  the  resultant,  then 

A  +  B  =  {a'+a''+a"')  +  (^  +  *"  +  ^'O* 
r      A  +  B={a'-h6')  +  (a"  +  ^ ')  +  («'"  +  *"'). 

n  this  expression  there  is  nothing  to  distinguish  the 
orizontal  from  the  vertical  components ;  or,  in  general, 


here  is  nothing  to  indicate  the  angular  positions  of  the 
omponents,  or  of  the  lines  represented  by  them,  with 
jference  to  the  initial  line.  To  fully  indicate  the  mag- 
itude  and  position  of  a  line  by  its  rectangular  com- 
ments, we  must  abandon  the  methods  of  algebra  for 
©metric  processes.      Therefore  we  may  consider,  for 
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the  moment,  that  the  components  /  and  u  of  the  vector 
A  (Fig.  83  rt)  both  lie  on  the  initial  line  OJC,  but  in  order 


Pier.  63  e, 


that  t  and  n  may  determine  the  vector  A,  u  must  be 
rotated  90".  To  indicate  such  a  rotation,  a  prefix  such 
as  i  may  be  used.  Then  A  will  be  represented  in  mag- 
nitude and  angular  position  by  the  expression 


where  the  sole  function  of  the  letter  i  is  to  indicate 
that  the  component  11  stands  90°  from  the  initial  line, 
and  the  addition  is  geometric.  Inasmuch  as  iu  is  posi- 
tive, 7i  has  been  rotated  ahead  go°;  —iu  would  indicate 
that  H  had  been  rotated  in  a  negative  direction  90°,  or  u 
is  measured  downwards  (the  negative  direction)  from 
the  origin.  If  /  and  in  are  both  negative,  they  are  both 
measured  in  the  negative  direction  ;  hence,  if  /  +  i'm  I " 
multiplied  by  —  i,  there  results  —t  —  iu,  t  and  u  a- 
both  reversed  in  direction,  and  the  vector  line  OA 
rotated  180°  (Fig.  84);  it  —  u  means  that  the  line  I 
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been  rotated  forward  90°,  since  /  is  positive  but  stands 
at  90**  from  the  initial  line,  and  u  is  negative;  —it  +  u 
means  that  the  line  has  been  rotated  back  90°.  Finally, 
multiplying  by  i  means  advancing  the  vector  line  90°, 


A  <«0') 


A  (-90') 


AC180*) 


Fig.  84 

for  i{t  -{-iu)  =  //+(-}-  i)(iu)f  and  as  P  indicates  rotation 
twice  forward,  ihi  becomes  —  «,  and  therefore  /  (/  -|-  tu) 
is  geometrically  equal  to  it  —  u\  also  multiplying  by 
—  /  means  turning  the  vector  back  90°,  for  —  /(/  -|-  iu) 


i 
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=  —('/+(—»)(/«),  and  as   —  «'  indicates  rotatioa  f 
ward  90°   and  back  90°,   — »'"»  =  u,  and  there  resu 

The  vector  expressing  a  sine  wave  may  now  be  repi 
sented  in  magnitude,  as  heretofore  shown,  by 


J 


in  phase  b;  =  -> 

in  phase  ai  he  complex  quantity 

'  1  sin  0), 
and  also,  as  j,       fe'dicaii        y  the  equivalent  quantlfj? 

The  addition  of  the  vectors  given  in  the  first  illustrati 
now  becomes 

A-k-iB=  {a'  +  a"  +  a'")  +  i{b'  +  b"  +  b'"). 

Suppose  it  is  desired  to  combine  two  impedant 
which  are  in  series,  as  /'  and  /",  Fig.  85,  in  which  t', 
and  r",  I"  are  the  rectangular  components  (resistanc 
and  reactances).  A  sinusoidal  pressure  acting  on 
must  evidently  overcome  a  self-inductive  reactam 
equal  and  opposite  to  01'  and  a  resistance  Or',  whi 
the  pressure  acting  on  /"  must  overcome  a  capacil 
reactance  equal  and  opposite  to  01"  and  a  resistam 
Or".  Then,  if  R,  H,  are  the  components  of  the  resu- 
ant  {/'"),  this  equation  may  be  written 

/'"  =  J?  +  ;■//=  iy  +  /')  +  i(S  - 1"). 
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from  which  the  magnitude  and  phase  position  of  the  re- 
sultant impedance  may  be  found. 

If  the  impedances  are  in  parallel,  their  reciprocals 
must  be  combined,  in  which  case  the  resultant  is  the 
reciprocal  of  the  impedance  (conductivity)  of  the  divided 
circuit.  It  is  evident  that  the  components  of  the  con- 
ductivity (reciprocal  of  impedance)  will  not  be  equal  to 


Fig.  86 


^he  reciprocals  of  the  components  of  the  impedance. 
The  components  of  the  conductivity  must  therefore  be 
found  in  terms  of  the  impedance  components.  If  /?,  X 
are  the  conductivity  components  and  r,  /  the  impedance 
components  (resistance  and  reactance)  of  a  single  cir- 
cuit, we  may  write  by  the  principles  of  geometric  mul- 

tiplication, 

^  =  7  =  />T/X  =  -^  (a) 

I  r±tl 

The  numerical  values  of  the  first  and  second  terms  of 
the  right-hand  member  of  the  expression  K  =  pTt^^  are 
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respectively  proportional  to  the  active  current  and  watt- 
less current  in  a  circuit.  When  a  circuit  contains  induc- 
tive reactance  only,  /  is  essentially  positive,  but  the 
wattless  current  lags  90°  behind  the  active  current,  so 
that  X  is  essentially  negative.  When  a  circuit  contains 
capacity  reactanrp  nnlv   /  is  pisentially  negative,  but  the 


wattless  cun 
X  is  essentia 
inductive  an 
are  depende 
inductance  a 
ten  in  a  gene 

To  reduce  the  equation 

pT  ("X= 


ve  current  by  90°,  so  that 
en  a  circuit  contains  both 
nee,  the  signs  of  /  and  X 
ative  magnitudes  of  the 
e  value  of  K  may  be  writ 

-  =  p  —  ("X,  +  tKr 


'■±il 


C^ 


to  a  more  convenient  form,  the  numerator  and  denoitii 
nator  of  the  right-hand  member  may  be  multiplied  bj 

r  T  il,  whence 

{r  T  il)  (r  ±  il)      »•=  +  /» 


p  T  jX  = 


since  i^  indicates  the  operation  which  is  equivalent  to 

multiplying  by  ~  i. 

Hence,  f^{K=-^^i.^. 

but  the  impedance  (/)  is 

./ 


Therefore, 


PTiX-  — T!' 
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or  p  =  ^and\  =  — 

Since  r,  /,  and  /  are  known  or  can  be  determined  from 

the  conditions  presented,  problems  relating  to  parallel 

circuits  can  now  be  solved. 

Returning  to  the  example,  if  />',  V,  and  p",  V  are 

I    the  components  of  the  conductivities   of  two  parallel 

'    circuits  having  impedances  /'  and  /"  (Fig.  85), 


p'  -  tV  = 

r' 

pf'  +  i\"  = 

r" 

rlt*k 

and 


and  if  p,  X  are  the  components  of  the  final  conductivity, 

/>  +  ^'^=  (773  + 7^)+ ''(TTTa-TTa) 

The  intrinsic  sign  of  iX  depends  upon  the  relative  signs 
^d  magnitudes  of  —  and  -— •     The  impedance  of  the 

circuit  will  be  the  reciprocal  of  the  conductivity  thus 
found. 

When  /  is  the  impedance  and  K  the  conductivity  of 
a  circuit,  we  write  I=^r±il  and  K  —  pTt\  according  to 
^he  principles  of  geometric  addition  which  assert  that 
the  sum  of  two  sides  of  a  triangle  taken  in  consecutive 
directions  is  equal  to  the  third  side.  This  is  entirely 
opposed  to  the  ordinary  conceptions  of  algebra  or 
arithmetic. 

These  processes  which  enable  us  to  find  the  joint  im- 
pedance of  parallel  or  series  circuits  when  the  elements 
of  the  individual  parts  of  the  circuits  are  known,  equally 
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enable  us  to  find  the  impedance  of  any  combination  of 
such  circuits  by  computations  which  arc  almost  as 
simple  and  rapid  as  those  which  would  be  used  in  deal- 
ing with  a  continuous-current  system.  Also,  when  the 
impedances  of  any  combination  of  circuits  have  been  j 
obtained,  it  is  the  pressures  in  any  por- 

tion when  a  sh  is  flowing  and  to  find  the 

current  when  ssure  is  applied. 

The   meanii  s   in   the   expression  for 

impedance    ai  may   be   explained    by;    J 

multiplying  (r  mt  in  the  circuit),  when   I 

it  is  evident  tV  tive  pressure  and  /C  the   I 

component   of   pressure  acii    ;  against  the  reactance;   I 
and  also   by  multiplying  (p  +  i\)   by  Ei  {pressure  iW' 
pressed  on   the  circuit),  when  p£V  is  the  active  com- 
ponent of  the  current  and  \B,  the  wattless  current. 

The  following  is  a  recapitulation  of  the  formulas  tot 
the  analytical  solution,  by  geometric  processes,  of  pro^ 
lems  relating  to  alternating-current  circuits. 


=  S/=2r-H.-S/i,- 
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For  convenience  in  computations  the  geometric  equa- 
tions should  be  set  out,  for  example,  as  follows : 


r 

4 

^ 

/'  =    rf 

+    iV 

I'f=    r' 

4-    i/j," 

-    i/Jf 

/f//_.   ^ifi 

-    if" 

/.    =Sr 

+  »24 

-i2/. 

=  r,  ±  i4. 

57.  Illustration  of  Analytical  Method. — In  illustration 
of  this  method,  solutions  to  some  of  the  problems  to  be 
found  on  the  foregoing  pages  are  given.     /,  K,  and  <f> 
are  used  to  represent  respectively  impedance,  conduc- 
tivity, and  lag. 

Series  Circuits  (see  Sect.  50). 

Forming  the  equations  for  the  non-inductive  and  in- 
ductive coils  in  problems  r,  //,  /,  and  /  of  Sect.  50. 


Ai  =   5  +  « o 
/  =  10  +  J  8 

C=l~  =  i20  =  7.82. 
/       12.8     ' 


tan0=  -  =  .8,  0  =  38°  40'. 


/  = 


=  12.8. 


cos  <t>      sin  <t> 
E—  io/=  10  X  12.8  =  128. 


As  the  prefix  of  the  reactance  term  in  the  expression 
^or/is  -f-  /,  the  angle  ^  is  positive. 


^  A  =0-1-  f  12 

Al=:0-  f  10 
^=0+12 

<-  =  - —  =  50. 

2  ^ 

I.    /i  =0+  « 12.5 
/ii  =  o~  1 12.5 

/  =0  +  0 


-  =  00,  0  =  90^ 


tan0 
/ 
i£  =  10  X  2  =  20. 


—  rvTkO 


sin0      I 


/=o. 


AppI 


cactance  term  in  ttie  e; 
angle  0  is  negative. 


its  (see  Sect.  52). 
r  conductance, 


'=^.  =  ^  =  6.25. 
£=  10  X  6,25  =  62.5. 


0  is  positive  in  this  case,  as  —  i  in  the  expressif 
K  shows  that  the  current  lags  behind  the  pressure 


64  + 


*  =  35"  ■' 


=  .165. 

6.06. 


.16s 


=  .1390  + (.0488 
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<t>  is  negative  in  this  case,  as  +  ^'  in  the  expression  for 
K  shows  that  the  current  leads  the  pressure. 

*  tan0  =  ^=  .3025,  0=16°  50'. 


^  ^'  =5r+i6 


—  t 


ATiirr 


10 


+  t 


25  +  16 

12^ 


100  +  156   100  +  156 
IC   =.1610  — f  J0487 

C=-^=ioo-^=  16.8. 

100  +  694    100  +  694 

Kx  'Q         I  ,-      ^'33 

100  +  694       100  +  694 

K  =.1181  -fo 


C=i2^  =  ,ooAr=ii.8. 
/ 


/r=il^=.i68. 

COS0 

/=^  =  5.95. 

£  =  10  X  5.95  =  59.5. 
o 


^*=:ii8r' 
.1181 


K=i 


COS0 


0=0. 

=  .1181. 


/= 


=847- 


.1181 
£  =  10  X  8.47  =  84.7. 

The  effect  of  the  reactances  in  this  circuit  is  note- 
worthy. 


^11  = 


64+0 
o 


—  f 


+  t 


8 


64+0 
12.5 


156  +  0        156  +  0 


^=0—  1.045 


C=i22=  100  A' =  4.5. 


tan  0  =  — ^  =  00. 
o 

0  =  90°. 

^=j?4i=.045. 
sm  0  -^ 

/=  22.2. 
£  =  10  X  22.2  =  222. 


Scries  and  Parallel  Circuits  Combined  (see  Sect.  55). 

*•  ^'i  =  .0862  —  1 .0345 
A  *  =  .0487  —  1 .0609 

A'ij=.i349_  «0954 


/ii  =  6x)6  (cos  0^s  +  « «n  0^^) 
=  6.06  (.8165  +  1 .5774) 

=  4-95  + » 3- 50- 

/i*  =  4.95  + 13.50 
A?  =io+f8 


^   =  14-95 +  »  "-50 


tan0^  =  ^^^   01^  =  35°  16'. 
JT    --'349_  ,^^ 


COS0 


/ii»  = 


=  6x)6. 


.165 

*^*=!tI!'  ♦=37°  34'. 

/=  18.8. 

''  "  18.8  "  ^'^  • 
^=iox  18.8=188. 
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K,    =.o     +(.0503 

.025 

-«3»3'' 

^ia  =  Xi25  + 1^503 

^ 

'''=:5i6;  =  "-'- 

V 

>UJ#^) 

un,  =  ^..  =  - 

-S4»o'. 

J.B  =  7.937  - 

Ic    =0          + 

'=S-«- 

V   - 


THE   MAGNETIC  CIRCUIT  OF  AI/IT^RNATORS,    221 


CHAPTER   V. 


THE    MAGNETIC    CIRCUIT    OF    ALTERNATORS, 


Losses  in  an  Alternator.  —  The  principles  which 
lenter  into  the  design  of  alternators  have  already  been 

horoughly  set  forth  in  Vol.  I.  and  in  the  first  chapter 
I  of  these  notes.  There  are,  however,  certain  peculiar 
Tleatures  in  the  magnetic  circuits  and  the  methods  of 
Bappl>'ing  the  windings  to  alternators  that  require  con- 
niderable  modifications  of  the  deductions  found  in 
(Vol-  I.  These  will  now  receive  examination  in  detail. 
,  in  continuous-current  dynamos  (Vol.  I.,  p.  248),  the 

nternal  losses  of  alternators  are  caused  by  : 

CJi  loss  in  the  conductors  on  armature  and  field. 
Foucault  or  eddy  currents  in  armature  cores  and 
jEeld. 

3.  Poucault  or  eddy  currents  in  armature  conductors. 

4.  Hysteresis  in  armature  cores. 

5.  Friction  of  bearings  and  brushes,  and  air  friction. 

In    welklesigned    continuous-current    dynamos,    the 
>ole  pieces  usually  cover  not  !ess  than  two-thirds  of  the 
mature  surface  (Vol.  I.,  pp.  167  and  272).     In  alterna- 
Ktors,  the  poles  usually  cover  about  one-half  of  the  arma- 
ture surface,  or  even  less  (Sect.  5).     This  would  make 
■it  appear,  upon  a  superficial  examination,  that  the  field 
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ampere-tums,  and  therefore  the  field  losses,  must  be 
much  greater  in  the  alternator.  However,  since  alterna- 
tor armatures  are  made  proportionally  larger  in  diameter, 
in  order  to  give  space  for  the  windings  and  to  avoid 
excessive  magnetic  leakage,  the  proportional  excita- 
tion really  required  need  not  be  much  increased  when 
the  magnetic  designed.      In  the  same 

way,  while  n(  lan  one-half  of  the  anna- 

ture  surface  i  ire,  the  surface  for  wind- 

ing is  made  i  increasing   the  diameter. 

while  the  nun  >ns  is  not  much  reduced 

Consequently,  'oduced  in  a  given  length 

of   conductor  imensurable   in   the  tvfo 

classes  of  machines,     'i  an        llustrated  by  the  tabic 
page  14,  and  by  the  following  machines  of  three  excel- 
lent makers : 

1.  Two-pole  continuous-current  dynamo  of  60  K.W, 
output;  armature  core,  15"  diameter,  15"  long;  winding 
requires  185  lbs.  wire;  C^ A",  loss,  2.4  percent;  speed, 
goo  revolutions  per  minute  ;  fields  with  15,000  ampere- 
turns  at  full  load  ;  field  wire,  470  lbs. ;  total  C^R,  loss, 
1.7  per  cent ;  total  weight  of  the  machine,  10,000  lbs, 

2.  Four-pole  continuous-current  dynamo  of  75  K.W. 
output ;  armature  core,  22"  diameter,  iy\"  long  ;  wind- 
ing requires  235  lbs.  wire;  C^R^  loss,  3.0  per  cent; 
fields  with  15,000  ampere-turns  at  full  load  ;  field  wind- 
ing requires  756  lbs.  wire  ;  total  C^A'_,  loss,  2.3  per  cent; 
total  weight  of  machine,  11,000  lbs. 

3.  Alternating-current  dynamo  of  70  K.W.  outpt 
armature  core,  24"  diameter,  1 8  J"  long ;  winding  requii 
70  lbs.  wire ;  C^Ji,  loss,  i  .6  per  cent ;  speed,  1050  revol 
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tions  per  minute  ;  fields  with  25,000  ampere-turns  at  full 
load  ;  field  winding  requires  725  lbs.  wire  ;  total  C^R^ 
loss,  2.4  per  cent ;  total  weight  of  the  machine,  9500  lbs. 
The  table  on  pages  224  and  225  gives  data  of  two 
English  alternators  built  by  the  firm  of  Elwell  &  Par- 
ker,* and  of  five  American  machines  of  about  equal 
capacity.     All  but  one  of  these  have  drum  armatures, 
but  in  the  English  machines  they  are  stationary  and  sur- 
round the  revolving  poles,  while  in  the  American  ma- 
chines the  poles  surround  the  revolving  armature.     The 
armature  of  one  of  the  American  machines  is  of  the  disc 
type.     All  of  the  American  machines  were  built  about 
1890,  but  all  except  one  have  since  been  superseded  by 
a  more  substantial  construction. 

59.  Copper  Losses.  —  We  may  safely  say  that  the  per- 
centage C^R  losses  given  upon  pages  108  and  138  of 
Vol.  I.  can  be  taken  as  a  limit  towards  which  practice 
in  the  design  of  alternators  is  tending.  The  fact  that 
the  copper  is  divided  among  many  cores  increases  the 
length  of  wire  on  alternator  fields  for  a  given  magnet- 
izing power  as  compared  with  continuous-current  fields, 
and  the  C^R  losses  allowed  are  usually  somewhat  greater 
than  the  tabular  values  and  sometimes  reach  more  than 
twice  those  values.  (Examples  :  Kapp  30  K.  W.  alterna- 
tor with  5.0  per  cent  loss  in  the  field  windings  and  2.8 
j  percent  in  the  armature  conductors  ;  Ferranti  112  K.W. 
i  alternator  with  2.75  per  cent  loss  in  the  field  windings ; 
and  General  Electric  300  K.W.  alternator  with  2.0  per 
cent  loss  in  the  field  windings.)  On  the  other  hand, 
the  losses   may   be   brought   by   careful   designing   to 

•  Sec  Thompson's  Dynamo- Electric  Machinery^  4th  ed.,  p.  668. 
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approach  the  average  values  given  in  the  tables.  fE« 
amples :  Stanley  40  K.W.  alternator  with  equal  lossel 
of  1.2  per  cent  in  fields  and  amiature,  and  180  K.W 
alternator  with  .7  per  cent  loss  in  fields  and  2.0  pel 
cent  loss  in  armature;  Mordey  75  K.W.  altemaloi 
fields  and  2.3  per  cent  il 
alternator  with   1.6  pel 


with  1.5  per  • 

armature ;  He 

cent  loss  in  a 

examples  mai 

those   given 

table  may  th 

OH  losses, 

and  towards 

alternators  must  eventu^-ij 

it  is  not  iinu.siuil  to  build  altt 

than  75  K.W.  with  upwards  c 

in  this  table,  notwithstanding   the  fact   that  the  tab' 

gives  values   for   the  loss  in  the  fields  of   altemato 

which  arc  considerably  greater  than  the  tabular  vali 

for  continuous-current  machines  (Vol.  I.,  p.  138). 


r  cent  in  fields.)     TTiese 

\  indefinite  number,  but 

ditions.     The    following 

I  showing  the  percentage 

]e  best  present  practical 

practice  in  the  design  of 

nd.     At  the  present  time 

Tiatfirs  of  greater  capacil) 

double  the  field  loss  givei 


K„.w.^. 

P«  C.HT 

Pm 

Cut  in  F»ij 

30 

1.4 

2.8 

35 

2-3 

6 

40 
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60.   Foucault  Current  Losses.  —  Foucault  currents  in 
Itemator  cores  must  cause  much  greater  loss  than  in 
»rdinary  continuous-current  machines.    Thus,  the  arma- 
ures  of  two-pole   continuous-current  machines  of  con- 
iiderable  capacity  seldom  exceed  1500  revolutions  per 
ntiinute,  which   makes  twenty-five  complete   magnetic 
cycles  in  the  core  per  second.     In  alternators,  the  com- 
mercial frequency  commonly  lies  between  40  and  140, 
while  the  greater  number  of  machines  are  built  for  fre- 
quencies between  60  and  135.     The  number  of  magnetic 
cycles  of  the  armature  core  is  evidently  equal  to  the  fre- 
quency.    Since  the  heating  in  the  core  discs  which  is 
caused  by  foucault  currents  is  proportional  to  the  square 
of  the  number  of  cycles  per  second,  it  becomes  particu- 
larly important  that  the  discs  composing  alternator  arma- 
tures be  well  insulated  from  each  other.     It  is  therefore 
poor  policy  to  depend  upon  oxide  alone  for  insulation, 
and  tissue  paper  should  always  be  placed  between  the 
tliscs,  and   a  cardboard  be  inserted  at  intervals.     All 
burrs  caused    by   punching   the   discs    or   truing   the 
surface  of    the   core   should    be   carefully  avoided   or 
removed. 

Foucault  currents  in  the  pole  pieces  are  felt  quite 
severely  in  some  types  of  alternators,  but  the  loss  caused 
by  them  can  always  be  brought  within  reasonable  limits, 
in  well-designed  machines,  by  making  the  pole  faces  of 
laminated  iron  which  is  cast  into  the  frame.  (Compare 
Vol.  I.,  p.  154.)  Machines  having  smooth  armature 
cores  and  surface  windings  do  not  ordinarily  require  this 
precaution,  but  in  machines  having  toothed  armature 
cores,  laminated  poles  are  quite  important. 
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The  loss  due  to  foucaiilt  currents  in  armature  conilnct- 
ors  of  a  fixed  size  is  much  greater  for  alternating  than 
for  continuous-current  dynamos,  on  account  of  the  more 
frequent  and  sudden  changes  in  the  strength  of  the 
field  through  which  they  pass.  However,  since  altemal- 
ors  are,  in  general,  built  for  considerably  higher  press- 
ures than  coi  nachinca  designed  for  a 
similar  duty,  t  the  alternator  armatures 
are  of  proporti  ss-sectiun.  This  reduces 
the  eddy  curr'  sxteiit  tliat  they  arc  not 
particularly  n.  in  very  large  or  special 
machines.  Ti  iding  armature  coils  wth 
copper  ribbon  broad  side  parallel  with 
the  lines  of  fo  io  decrease  eddy  currents. 
In  very  large  machines  built  to  generate  a  pressure  not 
exceeding  20cx)  volts,  armature  conductors  of  a  br^'^ 
cross-section  become  essential,  but  the  uniform  practice 
of  building  large  alternator  armatures  with  imbedded 
conductors  avoids  all  difficulty  from  eddy  currents. 
(Compare  Vol.  I.,  p.  153.) 

61.  Hysteresis  Losses. — The  effect  of  hysteresis  in 
iron  core  armatures  is  proportional  to  the  number  of 
magnetic  cycles  per  second,  and  is  therefore  much 
greater  in  alternator  armatures,  for  a  given  magnetic 
density,  than  in  those  of  continuous-current  machines. 
There  are  only  two  ways  of  decreasing  the  hysteresis 
loss  per  cycle  and  per  unit  volume  :  (i)  by  reducing  the 
induction  ;  (2)  by  improving  the  quality  of  the  iron  used 
in  the  core.  Reducing  the  induction  serves  to  decrease 
the  foucault  current  loss  also,  and  is  therefore  doubly  ad- 
vantageous.    As  a  consequence,  the  induction  in  altema- 
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alures  is  sometimes  made  as  low  as  4000  lines  of 
er  square  centimeter,  and  seldom  exceeds  7000 
er  square  centimeter.  A  fair  average  value  is 
;ooo  lines  per  square  centimeter.  This  is  just 
me-half  the  average  value  for  continuous-current 
res  (Vol,  I.,  p.  1 1 1).  Halving  the  induction  tends 
tcr  the  foucault-current  loss  for  an  equal  number 
ss  per  second.  But,  as  already  shown,  the  num- 
cycles  in  alternator  armatures  commonly  varies 
ree  to  six  times  the  maximum  number  occurring 
inuous-current  machines  of  the  same  capacity,  so 
;  special  precautions  for  insulating  the  discs  can- 
neglected.  This  is  rendered  more  necessary  by 
:  that  reducing  the  induction  requires  the  arma- 
1  be  increased  in  size.  In  the  same  way,  the 
sis  loss  varies  nearly  in  the  proportion  of  B  to 
power,  or  in  other  words,  halving  the  induction 
es  the  hysteresis  loss  per  unit  volume  to  one- 
On  the  other  band,  since  the  cross-section  of 
list  be  increased  to  decrease  the  induction  per 
centimeter,  it  is  not  possible  to  bring  the  hyste- 
ss  to  the  limit  attainable  in  continuous-current 
cs.  This  makes  the  careful  selection  and  hand- 
the  iron  designed  to  enter  alternator  cores  of 
importance.  Some  manufacturers  of  electrical 
ery  not  only  select  their  armature  iron  with  great 
this  account,  but  anneal  all  armature  discs  after 
vc  been  assembled  and  the  surface  of  the  core  has 
rned  up.  For  this  purpose,  the  cores  are  carefully 
own  after  all  machine  work  on  the  discs  has  been 
ed  and  the  discs  are  annealed,  after  which  the 
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cores  are  again  assembleii.  This  method  of  handling 
the  iron  removes  the  hardening  effect  of  the  toohng  con- 
sequent upon  turning  up  the  cores  (Vol.  I.,  pp.  52  and  73). 
62.  Armature  Ventilation.  —  Since  the  hysteresis  and 
foucauk-current  losses  are  greater  in  alternator  arma- 
tures, it  is  necessary  that  more  opportunity  be  given  for 
cooling  than  tinuous-current  machines, 

The  real  effei  of  rotation  upon  cooling 

has  never  be  termined,  but  the  experi- 

ments of  Rei  to  show  a  cooling  effect 

that  is  rougl  to  the  velocity.     Conse- 

quently, on  ai  igh  surface  velocity,  alter- 

nator armatui  Sciently   cooled   than  are 

continuous-current   m:  Internal  ventilation  i6 

also  rendered  more  effective  by  reason  of  the  high  sur- 
face velocity.     For  the  purpose  of  internal  ventiktioo 
a  revolving  armature  is  virtually  converted  into  a  cen- 
trifugal blower,  which  sucks  in  air  at  its  centre,  along 
the  shaft,  and  ejects  it  from  the  surface.     For  this  pur- 
pose air  ducts  are  made,  which  run  through  the  corC 
near  the  shaft,  and  which  communicate  with  the  surface 
through  radial  ducts.     The  rotation   of   the   armature 
then  causes  a  continuous  circulation  of  air  through  the 
ducts,  which  is  proportional   in  volume  to  the  surface 
velocity  of  the  armature. f     Since  the  conductors  cove*" 
only  a  portion  of  the  surface  and  do  not  cross  the  end* 
of  drum  armatures,  the  cores  may  be  easily  arranged  fof 
internal  ventilation,  and   advantage  is  usually  taken  0% 

•  Bullelin  di  la  Sociele  Inltr„„liimah  des  ^UtlrUitm,  1893;   FJtclriiat 
ll'prlJ,  Vol.  19,  p.  336;   also  7>j/Aflrt*.  Vu!.  1,  p.  109. 
t  Ki^iit'a  Meckamcal  Etisiitf't  Pecktt  Boelt,  p.  516. 
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this.  In  thL'  case  of  revolving  tiisc  armatures,  wings 
may  be  so  placed  as  to  blow  the  air  across  the  face 
of  the  disc.  Ring  armatures  and  pole  armatures  are 
more  difficult  to  arrange  for  effective  internal  ventila- 
tion, and  therefore  they  are  frequently  left  unventilated. 
When  the  fields  revolve,  the  poles  cause  a  vigorous 
circulation  of  air,  which  serves  in  lieu  of  the  blower 
action  of  a  revolving  armature. 

63.  Armature  Radiating  Surface.  —  With  all  precau- 
tions to  avoid  excessive  heating  in  alternator  cores  they 
still  tend  to  heat  to  a  higher  temperature  than  the 
cores  of  continuous-current  armatures.  It  then  becomes 
1  matter  of  some  concern  to  determine  the  possible 
amount  of  energy  which  may  be  expended  in  the  arma- 
liire  conductors  without  placing  an  excessive  additional 
burden  upon  the  cooling  surface.  There  is  no  valid  rca- 
*on  for  admitting  a  higher  temperature  limit  in  alter- 
nator armatures  than  is  allowed  in  continuous-current 
machines  (Vol.  I.,  p.  105).  As  this  fact  becomes  en- 
tirely admitted  by  all  manufacturers  of  alternating-cur- 
rent machinery,  the  large  C^R  losses  in  alternator 
armatures  that  are  now  common  will  rapidly  disappear. 
On  account  of  the  large  amount  of  heat  caused  by  core 
losses  which  must  be  radiated,  it  is  not  safe  to  allow  an 
armature  C^R  loss  of  one  watt  for  each  square  inch  of 
cooling  surface.  In  common  practice,  for  each  watt  of 
C^R,  loss  an  average  of  from  1.^  to  2  square  inches 
of  outside  winding  surface  is  allowed.  This  constant  is 
sometimes  made  much  larger,  but  seldom  smaller  except 
in  disc  armatures.  In  the  latter  the  core  losses  need 
not  be  provided   for,  the  whole  capacity  of  the  radi- 
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ating  surface  may  be  utilized  to  carry  off  the  C^R,  loss, 
and  it  is  possible  to  decrease  the  radiation  surface  to 
considerably  less  than  one  square  inch  per  watt. 

64.  Density  of  Current  in  Armature  Conductors.— 
The  dciisiiy  of  current  in  conductors  wound  upon  iron- 
core  armatures  in  good  praclicc  should  usually  nnl 
much  exceed  from  500  to  600  circular 
mils,  (Comp;  iirrcnt  dynamos.  Vol.  t., 
p.  1 10.)  Mar  tures  are  wound  with  wire 
having  not  m  ine-half  this  cross-section 
per  ampere,  b  illow  an  excessive  rise  of  \ 
temperature  ii  during  working.  In  disc 
armatures  witl  mstant  may  be  greatly  re- 
duced without  ;r.  he  Mordey  75  K.W.  alter- 
nators have  a  current  density  in  the  armatures  of  <'M 
ampere  to  about  380  circular  mils,  and  the  current  dcniit) 
in  Fcrranti  alternator  armatures  is  about  one  ampere  in 
335  circular  mils.  Even  with  such  a  great  current  den- 
sity, these  machines  are  comparatively  cool  in  operation. 

65.  Field  Radiating  Surface. — ^Since  the  field  cores 
of  alternators  are  usually  quite  thin,  the  windings  are 
often  of  a  depth  equal  to  one-half  the  thickness  of  the 
cores.  At  the  same  time  this  depth  is  generally  no 
greater  than  that  on  many  continuous-current  dynamo 
fields.  The  same  radiating  constant  can  therefore  be 
safely  used,  that  is,  from  .35  to  .40  watt  per  square 
inch  of  the  outer  surface  of  the  winding  (Vol.  I.,  p.  142). 
Since  the  depth  of  the  winding  generally  bears  a  large 
ratio  to  the  thickness  of  the  core,  the  energy  radiated 
per  square  inch  of  core  surface  is  much  greater.  Th 
ratio  of  winding  depth  to  thickness  of  core  is  also  wide 


THE   MAGNETIC  CIRCUIT  OF   ALTERNATORS.    233 

ariable,  and  the  radiation  constant  must  be  based  upon 
he  external  surface  of  the  windings.  The  field  cores 
hould  therefore  be  made  of  such  a  length  that  the  area 
i  the  external  surface  of  the  windings  in  square  inches 
nay  be  from  two  to  three  times  the  C^R^  loss  in  watts. 
The  form  of  the  fields,  and  therefore  the  effect  of  the 
ron  in  conducting  away  the  heat  in  the  field  windings, 
las  a  considerable  effect  on  the  allowable  value  of  the 
X)nstant,  as  is  also  the  case  in  continuous-current  ma- 
rines.    The  area  of  the  field  cores  is  given  by  the  for- 

mula,  A  =  -A^.-^f  where  N^  is  the  useful  armature  flux  re- 

^/ 

quired  from  one  pole,  v  is  the  leakage  coefficient,  and 
5/  the  induction  desired  in  the  field  core.  The  pole 
^idth  is  determined  by  the  mechanical  and  electrical 
conditions  which  fix  the  pitch,  and  only  the  length  of 
the  pole  faces  may  be  altered  to  vary  B^.  If  the  winding 
^lepth  exceeds  two  inches,  it  is  likely  to  cause  injurious 
leating  in  the  lower  layers. 

M.  Leakage  Coefficient. — The  value  of  the  leakage 
coefficient  is  quite  large  in  most  types  of  alternators- 
lit  probably  averages  1.5  in  alterjiators  with  surface 
vound  drum  or  ring  armatures  and  with  poles  set  in  a 
circle  either  without  or  within  the  armature.  In  pole  ar- 
njatures  it  is  doubtless  equally  as  great,  but  in  machines 
having  well-designed,  toothed,  ring  or  drum  armatures, 
and  small  air  spaces,  the  leakage  coefficient  may  be  less. 
In  machines  with  ring  or  disc  armatures  in  which  poles 
of  opposite  sign  are  ranged  alternately  on  either  side 
of  the  armature,  the  value  of  the  coefficient  may  be  as 
peat  as  2.0.     In  machines  of  the  Mordcy  type,  where 
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the  poles  on  each  side  of  a  disc  cinnature  are  of  th' 
same  sign,  or  of  the  Staaley  so-called  inductor  type,  tfa' 
leakage  coefficient  becomes  unity;  that  is,  practicall] 
all  of  the  lines  of  force  set  up  in  the  magnetic  drcut 
cut  the  armature  conductors,  and  are  therefore  uscfii 
in  developing  electric  pressure. 

The  calci  kage  coefficient  of  alterna' 

tors  may  be  the  same  methods  as  thoK 

used  for  cot  iiachines.* 

67.   Deter  Number  of  Armature  Con- 

2KSNV/- ,^    ^     , 
ductors.  —  T  —J — ^  (Sect.  5)  maybe 

vy  .      vp 

put  into  the  — ,  since  ~  is  equal  to  the 

frequency,  f.      taking  .  per  value  for  K,  as  alreailf 

explained,  gives  the  effective  value  of  E.  In  a  weB- 
designed  machine  of  the  usual  American  types,  tlw 
value  of  K  is  about  i.i,  which  is  the  value  for  i 
machine  which  gives  a  sinusoidal  electric  pressure  ant 
in  which  the  differential  action  is  negligible.  The  cob 
ditions  of  service  usually  fix  the  values  of  E  and/il 
any  particular  case,  and  the  equation  then  contains  tw< 
dependent  variables.  A'"  and  5.  The  ratio  of  these  ij 
determined  from  the  form  and  dimensions  of  the  ami 
ture  which  it  is  desired  to  make.  The  number  of  polo 
is  limited  by  constructive  considerations  and  the  impor- 
tance of  keeping  the  leakage  within  reasonable  limiti 
On  the  latter  account  the  poles  must  not  come  too  ncal! 
together.  With  this  in  view  the  frequency  cannot  " 
increased  beyond  a  certain  limit  by  increasing  the  n 

•  Ttxtboot,  Vol.    I ,  [I.   1 33i  also  Eleitriial  Engineir,  Vol  18,  p. 
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ber  of  poles,  without  carrying  the  periphery  velocity  of 
the  armature  beyond   the   safe   limit.     Thus,  suppose 
a  machine  be  designed  with  a  ten-pole  stationary  field, 
and  its  drum  armature    be   designed  to  drive  at  the 
safe  limit  of  velocity.     If  it  be  desired  to  increase  the 
frequency  by  20  per  cent,  two  poles  must  be  added  to 
the  field  and  the  armature  revolutions  kept  constant,  or 
the  armature  must  be  speeded  up  20  per  cent.     The 
latter  is   not   permissible    on   account   of    mechanical 
safety.     If  the  poles  are  already  as  close  together  as 
economy  admits,  in   order  to  increase  the  number  of 
poles  the  pitch  circle  must  be  increased  in  diameter, 
which  requires  a  proportional  increase  of  the  armature 
diameter.     This  again  calls  for  an  increase  of  the  sur- 
face velocity,    the    revolutions    per   minute  remaining 
constant.     Hence  in  any  type  of   machine  a  limit  of 
frequency    may   be    reached   which    cannot    be    safely 
exceeded.     The  limiting   frequencies    in    the    ordinary 
types  of  machines  designed  for  commercial  service  are 
'from  100  to  150.     In  the  Mordey  type  the  limit  is  much 
kigher,  since  the  poles  may  be  very  close  together  and 
cause  no  leakage,  and  structural  considerations,  only, 
set  the  limit.     Commercial  frequencies  are  all  less  than 
150  and  many  are  less  than   100,  so  that  all  practical 
^ypes  of  alternators  may  be  used  in  commercial  service. 
Fixing  the  frequency  of  a  machine  and  the  periphery 
Velocity  and  revolutions  of  the  revolving  part,  fixes  both 
the  diameter  of  the  armature  and  the  number  of  poles. 
The  diameter  of  the  armature  fixes  the  space  for  arma- 
ture coils.     With  the  winding  space  fixed,  the  value  of 
S  is  determined  from  the  number  of  insulated  conduct- 
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ors  of  [  ;qiiisite  area  which  can  be  properly  placed 
the  armi  ture.  It  is  quite  usual  to  wind  alternator  aj 
tures  wi  h  only  two  layers  of  wire,  but  this  must  be 
terminecl  in  any  particular  case  by  many  conJil 
affecting  the  design.  The  value  of  5  being  di 
mined,  tne  length  of  the  armature  must  be  made  i 
that  the  lagnetization  may  be  sel 

in  the   ;  mature  without    forcing 

magnetif  [h  a  value.     Finally  thi;  i 

of  radiat  ,  loss  should  be  checked. 

It  is  V  ere  the  effect  upon  the 

put  of  ai.  king  a  change  in  the  nun 

of  armati  The  electric  pressure  di 

oped  in  the  coils  due  to  their  cutting  lines  of  fon 
proportional  to  the  number  of  turns  in  the  coils, 
electric  pressure  of  self-induction,  on  the  other  h 
is  proportional  to  the  square  of  the  number  of  ti 
Hence,  increasing  the  number  of  armature  turns  bej 
a  certain  limit  may  actually  decrease  the  output  of 
machine.  It  is  desirable  to  determine  the  numbe 
turns  that  will  give  maximum  output.  If  L^  repres 
the  effective  or  working  self-inductance  for  each  a 
ture  conductor,  then  the  total  effective  self-induct, 
of  the  armature  is  Z  =  S^L^.  In  the  same  wa' 
El  represents  the  electric  pressure  developed  per 
ductor,  the  total  pressure  developed  in  the  arma 
is  £  =  S£j.     From  the  fundamental  formula 


C= 
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or  CR  =  V^^  -  4  i^pC^L\ 

This  may  be  put  into  the  form 

if  the  external  circuit  to  which  the  alternator  is  con- 
nected is  non-inductive.  The  term,  CR^  is  the  active 
pressure  in  the  alternator  circuit,  and  it  is  desirable 
for  this  to  be  a  maximum  for  a  given  armature.  Dif- 
ferentiating the  equation  with  respect  to  5  and  solving 
for  a  maximum,  we  get  the  following  : 

d(CR)  ^    SjE^^-^ir'^pC^S^L^    ^ 

hence  E^  —  8  ir^f^C^L^S^  =  o.     Or  CR  is  a  maximum 

when  r- 

s  =  -^ — 

2y/2  7r/CLi 

In  this  it  is  assumed  that  the  armature  resistance  is 
small  compared  with  that  of  the  external  circuit,  which 
is  always  the  case  in  efficient  working.  For  E^  may  be 
substituted  its  value 

and  the  expression  for  5  at  maximum  output  becomes 

s M^=^A, 

io^V2  ttCZj      CLi 

H'here  ^    is  a  constant  depending  upon  the  type  and 
dimensions  of  the  machine.    If  K  has  a  value  of  i.i,  the 
value  of  A  is  practically  25  x  lO"^*^.     The  final  form  of 
the  variable  portion  of  the  expression  giving  the  maxi- 
mum economical  value  of  5  is  striking.     Its  numerator 
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is  the  total  useful  magnetization  due  to  the  fields, ' 
passes  through  an  armature  coil,  and  its  denomi 
is  the  magnetization  passing  through  the  coil  due  t 
current  in  each  of  its  own  conductors."  This  cril 
shows  that  the  armatures  of  some  old-style  ma 
alternators  had  too  much  wire  for  economy;  th 
they  would  have  supplied  a  larger  pressure  to  a 
inductive  circuit  if  fewer  conductors  had  been  [ 
on  their  armatures. 

When  the  external  circuit  is  inductive,  as  is  u 
the  case,  the  number  of  armature  turns  which  gi 
ma.\imum  active  pressure  is  smaller  than  when  tl 
ternal  circuit  is  non-inductive.  If  S'  be  the  nimil 
conductors  giving  the  maximum  active  pressure 
the  external  circuit  has  self-inductance  L.,  and  5  1 
number  of  conductors  giving  the  maximum  pn 
when  the  externa!  circuit  is  non-inductive,  then 

In  the  latter  expression  S^L,  is  the  self-inductai 
the  armature  when  wound  with  the  proper  nural 
turns  to  give  a  maximum  active  pressure  whe 
external  circuit  is  non-inductive.  When  L,  is  g 
than  S^L^,  the  right-hand  member  of  the  expressii 
—  becomes  imaginary.  It  is  impossible  to  put  so 
turns  on  commercial  alternator  armatures  as  the  cri 
shows  would  give  the  greatest  output,  since  the 


I,  MaihiHit  Dyitama-^ltclri^His,  p.  ajl. 
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tion  of  regulation  in  constant-pressure  alternators  de- 
mands that  the  fall  of  pressure  in  the  armature  due  to 
resistance  and  inductance  shall  be  as  small  as  possible.* 
68.  Example  of  Armature  Calculation.  —  Suppose  it 
is  desired  to  design  a  50  K.W.  alternator  of  the 
American  type,  for  1000  volts  terminal  pressure  and 
50  amperes,  at  a  frequency  of  60,  using  a  smooth  core 
annature  with  surface  windings.  Assume  A'  to  be  i.i  ; 
then,  adding  10  per  cent  to  the  terminal  pressure  to 
allow  for  loss  of  pressure  in  the  armature  due  to  C^R 
loss  and  inductance,  we  have 

eAr         IIOOXIO®  Q^^r^rsr^r^r^ 

^jVzs —  =  833,cxx),cxx>. 

2.2  X  60 

We  may  take  icxx)  revolutions  as  a  satisfactory  maxi- 
Qium  speed  at  which  to  aim.  One  thousand  revolu- 
tions and  a  frequency  of  60  gives  a  fractional  number 
of  poles  while  the  number  must  be  an  even  integer. 
Taking  900  revolutions  gives  exactly  eight  poles, 
*hich  is  satisfactory.  Then  taking  the  safe  periphery 
Velocity  as  6000  feet  per  minute  makes  the  diameter 
of  the  armature  a  trifle  over  two  feet.  Call  the  diame- 
ter of  the  core  two  feet.  The  periphery  of  this  is 
75.4  inches.  Somewhat  more  than  one-half  of  this 
Winding  space  should  be  occupied  by  wire,  say  46 
^ches.  Each  coil  must  generate  one-eighth  of  the 
Pressure,  or  137 J  volts,  if  the  armature  is  connected 
n  series.  The  diameter  of  the  pitch  circle  for  the 
K)les  may  be  set  approximately  as  25  inches,  and  its 


♦  (Compare  Kapp's  Dynamos^  AiternatorSf  and  Transformers^  p.  377; 
leinmetz.  Trans,  Amer.  Inst.  E.  A.,  Vol.  12,  p.  326. 
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circumference  is  then  78.5  inches.  The  combined 
width  of  the  poles  should  be  somewhat  less  than  half 
of  this,  or  say  38  inches.  This  makes  each  pole  4] 
inches  or  12.1  centimeters  in  width.  Since  46  inches 
of  the  armature  circumference  are  occupied  by  wire, 
about  27.4  inches  are  left  for  the  openings  in  the 
centres  of  t  inch  is  allowed   for  inso- 

lation betwt  Phis    makes   the   openings 

approximate  de.     The   cross-section  oi 

the  armaturi  }wing  525  circular  mils  to 

the  ampere,  circular  mils.     This  is  the 

cross-section  k  S.  Ga.  wire  which  has  a 

diameter  of  1;  luble  cotton-covered,    T«fO 

hundred  and  fif ty-eign ..  lese  will  go  into  46  inches 

in  one  layer,  but  the  number  of  armature  conductors 
must  be  a  multiple  of  twice  the  number  of  coils,  o< 
16.  Two  hundred  and  fifty-six  is  the  multiple  whidi 
is  nearest  to  258.  This  makes  32  conductors  or  l€ 
turns  per  coil,  and  gives  JV  the  value  of  3,254,00c 
lines  of  force.  Allowing  an  average  induction  of  550^ 
under  the  pole  faces  makes  the  length  of  the  pole  facM 
practically,  19}  inches.  This  is  too  great  a  length  to 
be  practical  in  3  machine  of  the  capacity  under  consid- 
eration, and  two  layers  of  wire  must  be  put  on  tbe 
armature,  thus  reducing  N;  or  by  rolling  the  wire  into* 
rectangular  form  and  placing  it  on  the  armature  surface 
on  its  edge,  it  may  be  made  to  occupy  less  surface  anl 
more  conductors  may  be  put  on  the  armature;  i" 
which  case  either  the  air  gap  induction  or  the  dim 
sions  of  the  armature  may  be  reduced,  or  these  may 
reduced  together.     It  is  therefore  quite  common  to» 
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lator  armatures  with  special  rectangular  wire  or 
n,  and  we  will  take  a  ribbon  which  is  250  x  80  rails 
iss-section,  which  gives  an  area  equivalent  to  about 

0  circular  mils.  When  this  is  triple  cotton-covered, 
mensions  may  be  taken  to  be  270  x  roo  mils,  and 
»f  these  will  wind  into  a  space  46.4  inches  wide, 
makes  58  conductors  or  29  turns  per  coil.  This 
,V  the  value  of,  practically,  1,795,000  lines  of  force, 
nakes  the  length  of  the  pole  faces  approximately 
ches  when  the  average  induction  in  the  air  gap 
X).  It  remains  then  to  fix  the  exact  dimensions  of 
rmature  and  pole  pieces.  Taking  the  diameter 
e  armature  core  as  24  inches,  and  adding  double 
hickness  of  insulation  gives,  say,  24.25  inches, 
makes  allowance  for  two  layers  of  japanned  canvas 

1  layer  of  mica  under  the  coils.  The  winding 
!ter    is    2425    inches,  and   the   circumference    is 

inches.  From  this  is  subtracted  46,40  inches, 
:  inches,  which  is  the  space  occupied  by  the  con- 
rs  and  the  insulation  between  the  coils,  and  there 
ns  27.78  inches  for  the  spaces  within  the  coils. 
:oils,  made  so  as  to  turn  down  at  the  ends  of  the 
therefore  have  the  following  approximate  dimen- 

(also  Fig,  86) :  outside  length,  A  =  19J  inches ; 
:  length,  5=14  inches;  outside  width,  C^gJ 
s;  inside  width,  Z)=3^  inches.  This  leaves  \ 
between  the  coils  which  may  be  filled  by  a  strip 
ilcanized  fibre  or  paraffined  wood.  The  total 
1  of  wire  is  approximately  950  feet,  which  has 
iproximatc  weight,  insulated,  of  So  pounds  and  a 
esistancc  of  .40  ohm.     The  C^R,  loss  is  therefore 
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looo  watts,  or  2.0  per  cent,  based  on  the  cold  re 
ance,  which  is  not  far  from  the  tabular  value  (jiage  2 
the  total  winding  surface  is  76.2  x  lg.8  =  1509  sqi 
inches,  and  this  gives  more  than  l^  square  inches 
watt  C/i^  loss,  which  is  satisfactory.  Since  the  ai 
ture  conductors  number  464,  it  is  required  thai  .1 
equal  t(.>  .[  force.     One-half  this  r 


Fl(f.  86 

ber  of  lines  passes  through  each  magnetic  circuit  ii 
armature.  Putting  B^  as  4000  makes  the  cross-se 
of  the  armature  core  about  225  square  centimetet 
35  square  inches.  The  length  of  iron  in  the  core 
be  assumed  to  be  13  x  .80,  or  g.C)  inches.  The  i 
of  the  core  discs  must  therefore  be  about  3|  in 
or  the  inner  diameter  of  the  discs  is  16J  inches. 
The  external  finished  diameter  of   the   armatu 
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24.25  +  .540 +  .164  =  24.95.  This  allows  31  mils  for 
the  thickness  of  insulation  under  the  bands,  and  51  mils 
for  the  wire  in  the  bands.  Wire  of  51  mils  diameter,  or 
16  B.  &  S.  gauge,  is  used  on  account  of  the  high  pe- 
riphery velocity  of  the  armature.  Allowing  a  little 
under  \  inch  (210  mils)  for  mechanical  clearance  makes 
the  diameter  of  the  polar  circle  25.37  inches,  or  25I 
inches.  The  circumference  of  the  polar  circle  is  there- 
fore 79.7  inches.  The  pitch  of  the  poles  is  9.95  inches, 
and  the  distance  between  their  tips  is  5.2  inches. 

69.  Armature  Self -Inductance.  —  The  self-inductance 
of  a  smooth-core  alternator  armature  may  be  approxi- 
fnately  estimated  from  the  magnetic  and  electric  data  of 
the  machine.  The  reluctance  of  each  magnetic  circuit 
^ust  be  calculated  exactly  as  in  the  case  of  a  continu- 
ous-current multipolar  dynamo,  in  order  to  determine 
he  field  windings.  In  the  American  type  of  alternator, 
be  reluctance  to  be  overcome  by  the  magnetic  press- 
re  of  each  field  core  belongs  to  that  part  of  the  circuit 
hich  lies  between  the  lines  AA'  and  BB'  in  Fig.  Sy. 
ailing  that   reluctance  P,  the  ampere-turns  for  each 

—      NP 

i\d  core  are  in  number  tu:  = The   reluctance 

1.25 

the  different  parts  of  the  magnetic  circuit  met  by 
les  of  force  which  are  set  up  by  the  armature  turns 
hen  the  fields  are  excited,  may  be  assumed  to  be  equal 

the  reluctance  in  the  same  parts  of  the  circuit  met 
,'  the  lines  set  up  by  the  field  coils.  The  number  of 
les  of  force  set  up  in  the  portion  of  the  magnetic  cir- 
lit  between  the  lines  AA^  and  BB'  by  a  unit  current 

one  armature  coil,  the  centre  of  which  is  directly 
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under  a  pole  face,  is  ^^?  1,  where  5,  is  the  number  of 
conductors  in  the  coil,  and  is  equal  to  twice  the  number 
of  turns  in  the  coil.  Each  one  of  these  lines  of  force 
in  completing  its  circuit  must  link  another  armature 
coil,  so  that  we  may  say  that  the  nuniher  of  lines  of 


zF 


force  set  up  by  each  pair  of  coils  is 
induction  of  the  pair  of  coils  is  therefore 

/.  -    ■■'SV 

"^        2  X  /'  X   10^' 

since  S^  is  equal  to  the  number  of  turns  in  two  coils 
The  self-induction  of  the  whole  armature  is  equal  toij 
multiplied  by  the  number  of  pairs  of  coils,  when  the 
armature  is  connected  in  series,  or 

2  X  P  X  l(f 
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When  the  armature  is  connected  with  the  halves  in 
parallel^  the  inductance  is  one-fourth  as  great  as  is 
given  by  this  formula ;  but  in  the  case  of  two  similar 
armatures  built  for  the  same  pressure  and  output,  the 
one  connected  with  the  halves  in  parallel  has  twice  as 
many  conductors  in  each  coil  as  has  the  other  armature, 
and  their  self-inductances  are  equal.  If  the  value  of  P, 
in  the  preceding  example,  is  taken  as  .004,  the  self- 
inductance  is  shown  by  substitution  to  be  Z  =  .02i 
henry. 

The  effect  of  the  ampere-turns  of  the  armature  coil, 
within  the  ordinary  load  limits  of  a  smooth-core  arma- 
ture, will  not  greatly  alter  the  permeability  of  the  highly 
magnetized  fields,  so  that  L  may  be  taken  to  be  approx- 
imately constant  with  varying  loads,  provided  the  arma- 
ture pressure  be  kept  constant. 

The  path  of  the  lines  of  force  set  up  by  the  armature 
coils  has  been  assumed  to  be  the  same  as  the  path  of 
those  set  up  by  the  field  magnets.     This  is  approxi- 
mately true  for  machines  with  smooth  drum  armature 
cores,  or  with  coreless  armatures,  and  the  real  effect  of 
the  armature  turns  upon  the  number  of  lines  of  force 
in  the  magnetic  circuits,  is  to  increase  or  decrease  the 
number  that  would  exist  were  the  armature  turns  absent, 
rather  than  to  set   up  an  independent  magnetization. 
The  effects  of  armature  reactions  and  of  self-induction 
are  therefore  closely  related.     In  the  case  of  machines 
with  toothed  armature  cores,  the  reluctance  in  the  path 
of  the   magnetization   due   to   the   field   is   materially 
smaller  than  when  the  cores  are  smooth,  and  hence  it  is 
to  be  expected  that  the  self-inductance  of  toothed-core 
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armatvires  will  be  large.  If  the  teeth  are  T-shaped  as 
in  Fig.  88,  the  reluctance  measured  around  the  path 
of  the  lines  of  force  set  up  by  the  armature  coils  may 
be  materially  smaller  than  the  reluctance  measured 
along  the  path  of  the  magnetization  due  to  the  field 
coils.  This  is  due  to  the  effect  of  the  leakage  from 
tooth  to  tootl  the  self-inductance  of  an 

armature     h?  teeth    which     arc    ckse 

together  ma]  be  very  lai^e.     In  some 


such  machines  which  are  arranged  to  have  a  speciall;?' 
large  armature  self-inductance  in  order  to  obtain  a  self' 
regulating  constant-current  machine,  as  in  the  Stanley 
arc  light  alternator,  the  inductance  may  be  as  much 
as  two  or  three  hcnrys. 

70.  Armature  Reactions.  —  The  armature  reactions  of 
alternators  by  no  means  cause  as  serious  consequences 
as  those  of  continuous-current  machines.  When  the 
current  of  the  armature  is  in  exact  phase  with  the  im- 
pressed pressure,  the  armature   current  has  compara- 
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ively  little  opportunity  to  affect  the  field  magnetism. 
Nhen  the  armature  conductors  are  directly  between  the 
x)le  pieces,  the  instantaneous  current  is  zero,  and  there- 
Eore  at  this  point  the  armature  has  no  effect  upon  the 
field  magnetism.  When  the  coils  have  moved  through 
one-half  the  pitch,  a  sheet  of  current  at  its  maximum 
value  flows  directly  under  the  pole  faces.  This  current 
has  such  a  direction  that  its  magnetic  effect  tends  to 
crowd  the  lines  of  force  of  the  field  into  the  trailing  tips 


a.  ORIGINAL  FIELD. 

ARMATURE 

MAGNETIZATION. 
C.  RESULTANT  FIELD. 


Fifir.  89 

^f  the  poles  (Fig.  89).     Hence  the  field  is  weakened  on 
account  of  the  increased  reluctance  of   the  magnetic 

* 

circuit.  This  effect  is  probably  not  very  marked  in  the 
^sual  forms  of  alternators,  since  the  reluctance  of  the 
path  occupied  by  the  armature  or  cross-lines  of  force  is 
9uite  large.  The  distortion  and  consequent  weakening 
o/the  field  may  be  reduced  by  cutting  a  slot  longitudi- 

naJly  across  the  pole  faces,  or  by  some  of  the  methods 

described  in  Vol.  I.,  Chap.  VI. 


tiu-  .inioiint  oi  rotarelatiDn.      This 
is  in  such  a  direction  that  its  m 
that  of  the  field   (Fig.  90).     As 
opposing  effect    merges   into    th 
indicated.      When  the  machine  i 
operating  as  a  motor,  the  curren 


Pig.  90 


dently   tends   to   strengthen   the 


WPa 


lro*%    *'-  - 
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of  the  impressed  pressure,  to  strengthen  the  fields,  may 

be  taken  advantage  of  to  make  an  alternator  completely 

self-regulating,  or  even  self-exciting,  through  the  action 

of  its  armature  current.     This,  however,  requires   the 


Fifir.  91 

use  of  a  condenser  attached  across  the  armature  termi- 
nals to  give  the  proper  lead  to  the  current,  which  is 
undesirable.  The  opposing  and  cross-magnetic  effects 
^f  the  retarded  armature  currents  of  alternating  gen- 
erators, when  operating  under  usual  conditions,  cause 
tile  external  characteristic  to  slope  toward  the  hori- 
zf^ntal  axis.  This  effect  must  be  added  to  the  slope 
^f  the   characteristic    caused    by   true    and    inductive 

.  '■^^sistance  in  the  armature.     It  is  often  difficult  to  dis- 
tinguish   between    the    effects    of    armature   reactions 
proper  and  of  self-induction,   and    they  arc  sometimes 
treated  as  alike.* 
The  quantitative  effect  of  the   current,  and   of  the 

angle  of    lag,    on    armature    reactions    is    not    readily 


*  Kapp's    Dynamos,    AlUrmitors,    ami    Transformers,    p.    394;     and 
Hawkins  and  Wallis'  The  Dynamo, 
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determined.  Il  is  evident  that  tKc  effect  is  a  peri- 
odic one  which  depends  for  its  relative  instantaneous 
values  upon  the  instantaneous  positions  of  the  coils 
with  rcfLTcnce  to  the  poles ;  and  which  depends  fur- 
ther for  its   actual    instantaneous  and   average  values 


on  the 
shape  of  th 
shapes  of  a 
the  relation, 
odic,  it  is  di 
particular  a 
ment.  The 
and  they  do  , 
magnetic  surroundin; 


angle  of  lag,  and  the 
Doubtless  the  relative 
t  pole  pieces  also  enter 
of  the  reactions  is  peri- 
le  its  exact  result  in  an)' 
s  except  that  of  experi- 
irly  large  masses  of  iron, 
idly  to  changes  in  thci' 
a  inertia  is  caused  bvthe 


effect  of  foucault  currents  and  the  considerable  induct- 
ance of  the  field  windings,  which  tend  to  suppress 
sudden  magnetic  changes.  It  is  therefore  safe  t*> 
assume  in  general  that  the  discernible  effect  of  arm** 
ture  reactions  is  an  average  of  the  instantaneous  value  — 
The  instantaneous  value  of  the  back  turns  of  each  cc»' 
at  any  moment  is  VanCsin  (a— 1^) cos  a,  where  «  is  tt^ 
number  of  turns  of  each  coil,  C  is  the  effective  valu* 
of  the  current  which  is  assumed  to  be  sinusoidal,  aT»  * 
<!>  is  the  angle  of  lag.  This  expression  may  be  average  ' 
between  the  limits  a  =  0°  and  a  =  -7r,  with  the  resut 
that  the  back  turns  appear  to  be  approximately  equal  t^ 
2.23  wCsin^.*  This  formula  purports  to  give  the  num' 
her  of  ampere -turns  to  he  added  to  each  pole  on  account 
of  back  turns,  and  the  result  is  positive  or  negative  aS 
the  current  lags  or  leads ;  but  it  does  not  include  the 


*  Compare  Kapp's  Dynam. 


i,  and  Trans/on. 
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ffect  of  cross-magnetization,  which  is  sometimes  con- 
iderable  but  is  difficult  to  predetermine.  The  method 
)f  figuring  the  effect  of  inductance  has  already  been  in- 
iicated  (Sect.  69),  and  all  the  corrections  necessary  can 
now  be  made  in  computing  field  windings.  This  is  car- 
ried out  as  explained  in  Vol.  I.  (p.  143  et  seq.),  due 
attention  being  given  to  modifying  conditions  already 
explained. 

71.   Field  Excitation  of  Alternators.  —  The  windings 
of  the  field  magnets  of  alternators  are  usually  classified 


Figr.  92 

according  to  their  arrangement  in  circuit.     The  prin- 

dpal  divisions  are  three  :  separately  excited,  self-excited, 

compositely  excited;    so-called,  respectively,  when   the 

/nagnetizing  current  is  supplied  from  an  external  source 

(Fig.  92),  when  it  is  supplied  through  a  rectifying  com- 
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mutator  from  the  armature  of  the  machine  under  con- 
sideration (Fig.  93),  or  when  these  two  arrangements 
are  combined  (Fig.  94).*  Seif-excited  alternators  may 
again  be  divided  into  series-wound  and  .shunt-wound, 
depending  upon,  first,  whether  the  whole  current  is 
rectified  and  led  through  a  comparatively  small  num- 
ber of  turns  ;  magnets  (Fig.  95),  or. 
second,  whcthi  of  the  current  is  recti- 
fied and  led  tl  rcuit  many  times  around 
the  magnets  {  pie :  Zipemowsky  alter- 
nator.) Of  th  self-excited  alternators, 
the  shunt-woui  ommon.  In  this,  either 
the  whole  pres;  ature,  or  that  of  one  or 
more  coils,  may  ^^  ..uj^n  irectly  upon  the  recti^ 
ing  commutator,  by  means  of  a  transformer  attached 
to  the  armature  (Fig.  97).  (Examples :  Wcstinghouse 
and  Zipernowsky  alternators.)  Figure  97  illustrates  the 
arrangement  when  the  fields  rotate. 

Evidently  a  third  division  might  be  added  to  these, 
which  would  he  a  combination  of  the  other  two,  or  a 
compound  winding  in  which  both  the  shunt  and  series 
field  currents  are  supplied  by  rectification.  This,  how- 
ever, woujil  require  two  rectifying  commutators,  which 
at  the  best  nrc  unsatisfactory,  and  for  other  reasons 
would  not  prove  practical.  To  gain  the  result  for  which 
compounding  is  used  in  continuous-current  dynamos, 
the  composite  winding  is  used.  That  is,  the  alternator 
is  externally  excited  to  its  normal  pressure  on  open  cir- 
cuit and  the  internal  losses  are  compensated  by  series 
ampere-tunis  from  self-excitation.  The  self-exciting 
■  Lompaie  Ttjil-bttk,  Vol.  1^  p.  136. 


THE   MAGNETIC  CIRCUIT  OF  ALTERNATORS.     253 


254  ALTERNATING   CURRENTS- 


i 


THE  MAGNETIC  CIRCUIT  OF  ALTERNATORS.    255 

ircuit  of  the  composite  winding  may  be  arranged  in 
arious  ways.     Thus  the  armature  current  may  all  be 


F\9.  97  a 


Plfir.  97  b 

ictified  for  use  in  excitation  (Fig.  98)  (example : 
Ijomson-Houston  alternator),  or  the  armature  cur- 
cnt  may  pass  through  a  special  transformer  attached 


one  or  two  poles  (Figs.  gS  and  loi),  (Examples  :  Weft  | 
inghouse,  Thomson-Houston,  and  General  Electricalto*  | 
nators.)  In  the  latter  case,  the  series  turns  must  alwajl] 
be  equally  divicied  between  two  poles  with  symmetrid 
positions  when  the  armature  is  connected  with  its  h 
in  parallel  (F't^  ""'1  rdmnnsite  windings  may  be  ar- 
ranged with  tl  in  a  shunt  circuit,  but  ni> 


Pig.  loo 

advantage  is  gained  by  this  arrangement  over  complete 
self-excitation  in  shunt  or  by  separate  excitation,  Thi 
arrangement  is,  therefore,  not  used.  In  some  self-exr" 
ing  alternators,  a  separate  set  of  exciting  coils 
wound  on  the  armature  and  connected  to  a  recti^ 
commutator.     These  may  be  wound  directly  with 
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Q  armature  coils  or  across  a  chord  of  the  armature 
(Fig.  103).  (Example  :  old-style  Thomson- Houston 
nator.)  The  compounding  may  be  effected  in  self- 
ed  alternators  by  means  of  shunt  and  series  trans- 
ers  combined  as  in  Fig.  97  b,  which  shows  a  machine 
stationary  armature.    (Example ;  Ganz  alternators.) 


p  rectifying  commutator  in  every  case  has  as  many 
cnts  as  there  are  poles  on  the  alternator,  and  aller- 
segnients  are  connected  together,  making  two  sets 

104).  To  each  of  these  sets  one  of  the  altcr- 
g-current  terminals  is  attached.     Brushes  bearing 

the  commutator  at  apposite  non-sparking  points 
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then  col  ect  a  rectified  current.  Various  devices 
been  em  filoyed  to  avoid  sparking  at  the  rectifying 
mutator,  but  in  American  machines  no  special  pn 
tions  arc  taken.  (Examples :  Westinghouse,  Thon 
Houston,  and  General    Electric   alternators.)      1^ 


Pigr.  102 


Zipernowsky  alternator,  built  by  Ganz  &  Co.  of  J 
Pesth,  tlic  following  arrangement  of  the  commutati 
employed :  Between  the  commutator  divisions  an 
serted  narrow  metallic  sectors  which  are  conne 
together.     Four  brushes  are  used,  two  on  each  sid 
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the  commutator.  One  brush  of  each  pair  is  set  a  little 
in  the  lead  of  the  other,  and  the  pair  is  connected 
together    through    a  small    resistance.      The  leading 


brushes  are  connected  directly  to  the  circuits.  When 
the  commutating  point  is  reached  during  the  rotation 
of  the  commutator,  the  trailing  brushes  move  on  to 
intermediate  segments,  while  the  forward  brushes  arc 


Pis.  104 


still  on  main  segments.  Hence  both  the  field  circuit 
and  supply  circuit  are  short-circuited  for  an  instant 
through  the  resistances  connecting  the  brushes  (Figs. 
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!0S  and  To6),  Short-circuiting  the  supply  circuit  has 
a  disadvantage,  but  if  a  transformer  is  used  for  ncili 
tion  it  may  be  SO  designed  that  no  harm  results.  T^' 
short-circuiting  of  the  field  circuit  is  claimed  to  giv 
two  points  of  advantage  :  First,  it  allows  the  con 
mutation  to  be  effected  with  little  sparking ;  seconi 
upon    sho  fields,    their    self-induclic 

tends  to  u  jn  the  windings,  and  thi 


/'\A/VA/\ 
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therefore,  does  not  fall  to  zero  at  each  comtnutatic 
as  is  shown  in  Fig.  107,  but  the  current  curve  t 
comes  a  wavy  line  more  like  that  of  Fig.  108.  Pic 
says  •  that  it  is  preferable  to  place  the  brushes  ahe 
of  the  point  of  least  sparking.  In  this  case  the  spa 
is  due  to  a  decreasing  current,  and  is  thin  and  we: 


•  Maehinis  Dyne 


.^//«/ 
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^ith  the  brushes  behind  the  point  of  least  sparking, 
<e  spark  is  due  to  a  rising  current  and  it  is  of  great 
•agDitude.  The  method  here  outlined  to  avoid  spark- 
ig  does  not  seem  to  have  any  marked  advantages 
ver  direct  commutation,  which  is  ordinarily  used  in 
American  self-exciting  machines.  The  advantage  of  a 
ravy  current  in  the  field,  instead  of  a  discontinuous 
me,  is  doubtless  equally  well  gained  in  the  American 


nachines  by  the  use  of  copper  brushes  of  considerable 
hickness  on  the  rectifying  commutator,  which  short- 
ircuit  the  supply  circuit  and  field  circuit  at  the  in- 
ant  when  they  bridge  over  the  insulation  between  two 
i;ments.  In  composite-wound  machines  the  short- 
'cuiting  of  the  series  field  supply,  which  occurs  for  an 
itant   at   each  commutation,  is  a   matter  of   no  mo- 
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ment,  since  cutting  the  small  resistance  of  the  series 
fields  in  and  out  of  the  main  circuit  cannot  have  an 
appreciable  effect  on  the  operation  of  the  machine. 
For  shunt-wound  self-exciting  machines,  the  current  for 
rectification  must  either  be  supplied   through  a  trans 


former  or  by  n  ate  exciting  coil  on  the 

armature,  to  av  the  external   circuit   by 

short-circuiting  at  the  rectifier. 

For  the  purpose  of  varying  the  magnetizing  effect 
of  the  series  turns,  a  variable  shunt  is  often  connected 


Flff.  108 

across  their  terminals  (Fig.  log)  and  a  shunt  is  some- 
times placed  across  the  rectifier  terminals  in  such  ^z 
way  that  only  a  fixed  proiiortion  of  the  total  currei»  * 
is  rectified  and  passes  through  the  series  field  winding'- 
This  is  for  the  purpose  of  reducing  the  diflSculties 
caused  by  sparking,  by  reducing  the  current  to  be 
rectified. 
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CHAPTER  VI. 

CHARACTERISTICS,    REGULATION,    ETC. 

72.  Alternator  Characteristics.  —  As  in  contin 
current  machines  (Vol.  I.,  p.  195),  there  are  four  c 
which  exhibit  particuIaHy  important  relations  bet 
the  functions  of  alternators.  These  curves,  \ 
may  be  called  characteristics,  may  be  enumerati 
follows : 

1.  Tke  Curve  of  MagHcti::ation. 

2.  The  External  Characteristics. 

3.  The  Loss  Line. 

4.  The  Magnetic  Distribution  Curve  and  Pn 
Curve. 

73.  Curve  of  magnetization.  —  The  curve  of  maj 
zation  shows  the  relation  between  the  total  eli 
pressure  developed  in  the  armature  and  the  aff 
turns  on  the  field.  From  the  total  electric  pressu 
the  armature,  the  value  of  N,  may  be  deduced  by  r 
of  the  formula  E  =  — — -^  —,  provided  the  value  of 
known.  The  value  of  ^cannot  be  determined  ei 
by  calculation,  but  may  be  ascertained  by  means  0 
fourth  curve.     The  experimental  determination  0 
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curve  of  magnetization  is  carried  out  exactly  as  in 
ihe  case  of  continuous -current  machines,  substituting 
for  the  plain  voltmeter  an  instrument  which  is  capable 
of  measuring  alternating  pressures.  It  is  desirablu  that 
the  instrument  used  shall  indicate  the  effective  value  of 
the  pressure ;  hence,  the  measurements  must  be  made 
by  either  a  hot  wire  instrument  such  as  the  Cardew 
voltmeter,  an  electrostatic  instrument  modelled  after  the 
quadrant  electrometer,  or  a  non-inductive  form  of  high 
resistance  electrodynamometer.  All  instruments  used 
in  alternating- current  measurements  which  depend  for 
tlieir  indications  upon  electrodynamic  action,  must  be 
constructed  with  no  masses  of  conducting  metal  about 
'hem,  or  their  constants  will  depend  upon  the  frequency 
irf  ihe  current  measured.  This  is  due  to  the  dynamic 
sffi.-ct  which  foucault  currents,  circulating  in  metallic 
"lasses,  must  have  on  the  currents  in  the  moving  parts 
of  the  instrument.  If  a  voltmeter  has  an  appreciable 
inductance,  its  reading  will  also  depend  upon  the  fre- 
quency, since  the  current  flowing  through  it  is  inversely 
pfoportional  to  R^ -^  ^-n^pL^.  From  this  it  is  readily 
Ken  that  if  L  is  not  negligible  in  comparison  with  R, 
the  current  flowing  through  the  voltmeter  when  it  is 
connected  to  a  circuit,  and  hence  its  indication,  will  be 
litpendent  upon  the  frequency.  The  indications  of  an 
■oductive  voltmeter  will  always  be  less  when  it  is  con- 
nected to  an  alternating  circuit  than  when  it  is  con- 
nected to  a  continuous-current  circuit  of  equal  effective 
I  pressure.  The  self-inductance  of  elect  rodynamometers 
intended  for  use  as  amperemeters  is  usually  quite  small, 
but  in  some  cases  may  reach  a  millihenry.     Electrodyna- 
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mometers  which  are  intended  to  be  used  as  voltmeter^-  I 
and  have  a  great  many  turns  of  wire  in  their  com*' 
sometimes  have  a  self-inductance  as  large  as  scver^' 
hundredths  of  a  henry;  but  the  commercial  voltmelc'^ 
that  are  built  on  the  principle  of  elcctrociynamoin *' 
ters  have  a  considerable  non-inductive  resistance  *" 
series  with  thi  ,  so  thai  their  timecw*^' 

stant  is  small. 

If  the  alten  nination  was  designed  ^^ 

be  a  self-excil  is  some  question  of  tt*^ 

comparative  n:  :s  of  continuous  and  i^*^ 

tified  currents.  ifever,  as  we  have  .ilreaciy 

seen  (Sect.  71),  rent  in  a  sclf-cxcitedfiel" 

is  doubtless  always  a  wavj  unc.  The  effective  vnliie  *'*' 
this,  as  indicated  by  an  electrodynamometer,  is  ve*')' 
nearly  the  same  as  the  average  value  indicated  fc»y 
an  ordinary  amperemeter.  The  average  magnetizir*S 
effect  of  the  current  is  also  practically  equal  to  that  *^' 
a  continuous  current  which  gives  the  same  indicatio*^' 
on  the  instruments.  A  wavy  current  tends  to  set  ■•-T 
foucault  currents  in  the  iron  of  the  magnetic  circ>-*'' 
and  thus  cause  heating,  but  this  result  is  not  mark^*'' 

The  magnetizing  current  of  a  separately  excited  alt^*"' 
nator  may  be  caused  to  become  wavy  if  the  armature 
reactions  are  very  large.     It   has  already  been   sho^**^ 
that  the  effect  of  armature  reactions  is  a  periodic  onft 
and  when  the  periodic  effect  becomes  of  sufficient  mag- 
nitude    it   causes   fluctuations  in  the  field  magnetisf> 
which  react  upon  the  windings  and  throw  the  magnet- 
izing current  into  waves.     Curve  /,  Fig.  i  lO,  shows  tl 
current  curve  of  a  Stanley  arc-light  alternator  of  hig 
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-inductance  when  the  machine  is  on  short  circuit. 
^  self-inductance  of  this  machine  is  so  great  that 
current  lag  is  nearly  90°  when  the  machine  is  short- 
:uited,  and  the  current  therefore  has  its  maximum 
ue  when  the  centres  of  the  coils  arc  almost  directly 
ler  the  centres  of  the  pole  pieces.  The  armature 
Tent  therefore  has  a  maximum  effect  upon  the  field 
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agn  m  and  it  causes  such  a  variation  that  the  field 
fr  n  h  h  is  furnished  by  a  separate  continuous- 
IT  Ijnamo,  is  thrown  into  waves  as  shown  by 
//  of  the  figure.  The  relative  location  of  the 
les  is  shown  in  the  figure,  and  the  forms  of  the  poles 
d  the  armature  teeth  with  their  relative  location  at 
:  instant  the  current  is  zero  are  shown  in  Fig.  iii. 
[ures  112  and  113  show  the  same  features  when  the 
dune  is  worked  upon  a  full  load  of  40  arc  lamps,  in 
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which  case  tlic  current  lag  is  not  quite  so  great, 
effect  has  also  been  found,  but  to  a  less  de 
smooth-core  machines  with  surface  windings. 


I 


The  general  form  of  the  curve  of  magnetizati* 
an  alternator  is  similar  to  the  form  of  the  curve  ; 


1/    i                 n 

1      "5            I 

;:-$z-3=\f- 

^    -c  -  - 

z=i=li=F 

•  Tobey   and    Walbridge.    Slanley    Allcnule-Cunenl    Arc    Djnun, 
Tram.  Amer.  Inst.   E.  £.,  Vol.  7,   p.  367. 
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vious-current   dynamo.     As  it   is  not  uncommon 
ernators  to  have  a  somewhat  larger  reluctance  in 


Pifir.  113 
s  jDace  than  have  continuous-current  dynamos  of 
^^  size,  the  knee  in  the  alternator  curve  is  some- 


EXCITINQ  CURRENT 
Piff.   U4S 


jjes  not  so  abrupt  as  it  is  in  the  case  of  continuous- 
rrent  machines  (Fig.  1 14  a  and  b).     For  studying  the 
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details    f  the  design  of  the  magnetic  circuit,  tltd 
may  t     resolved  into   component   curves   repreS 


the  air  space,  frame,  and  armature,  exactly  as  exp 
in  Vol.  I.,  p.  197. 

74.  External  Characteristic. — The  external  c 
teristic  has  different  forms  which  depend  upo 
method  of  exciting  the  fiel<ls.  To  experimentally 
mine  the  external  characteristic  of  an  alternatoi 
excited  by  the  method  for  which  it  is  designed,  s( 
give  its  normal  pressure  on  open  circuit.  The  v 
its  terminals,  and  the  current  in  the  external  c 
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are  measured  with  various  resistances  in  the  external 
circuit.  The  observations  may  be  plotted  in  a  curve, 
using  volts  as  ordinates  and  amperes  as  abscissas.  In 
separately  excited  alternators,  the  curve  cuts  the  verti- 
cal axis  at  the  highest  point,  and  then  gradually  falls ; 
the  decrease  of  the  ordinates  (drop  in  pressure)  being 
caused  by  the  effects  of  armature  resistance,  armature 
self-inductance,  and  armature  reactions.  The  measure- 
n^ents  should  be  made  with  the  alternator  connected 
to  a  non-inductive  circuit,  since  the  magnitude  of  the 
armature  reactions  is  increased,  on  account  of  the 
greater  lag  of  the  current,  when  there  is  self-inductance 

• 

'n  the  external  circuit.     If  it  is  desired  to  quantitively 
determine    the   effect   of    lag    on    armature   reactions, 
curves  may  be  taken  with   different  values  of   induc- 
tance inserted  in  the  external  circuit.     The  portion  of 
the  drop  which  is  caused  by  self-inductance  and  arma- 
ture reactions  may  be  separated  from  that  caused  by 
resistance  by  the  formula,  E}  =  E^  -f  E^.     In  this  case 
^1  is  the  open-circuit  pressure,  and  Ea  is  equal  to  the 
terminal  pressure,  for  the  load  C,  plus  CR^.     By  taking 
the  characteristics   of  an   alternator  when  worked  on 
circuits  of  different  known  resistances  and  self-induc- 
^nces,  the  effect  of  armature  reactions  may  be  deter- 
mined for  different  values  of  the  angle  of  lag.*     The 
self-inductance  of  some  alternators  is  so  great  that  the 
external  characteristic  droops  to  the  X  axis  at  a  current 
not  greatly  exceeding  full  load.     Figure    115^:   shows 
the  characteristics   of   two   alternators,  one   having  a 
small,  and  the  other  a  large,  self-inductance.    The  maxi- 

^Gompare  Kapp's  Dynamos^  Alternators^  and  Transformers^  p.  383  et  seq. 


^■^^^^^H 
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mum  output  is  given  by  the  latter  when  the  armat 
current  has  the  value,  C=  --r-  A  =  -j--/^,  according 
the  formila  on  page  237. 

The  e  itemal  characteristic  of   a  self-excited  shi 
wound  al  ;ernator  is  shown  in  Fig.  1 1 S  <J.     The  tlrooj 
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the  curve  is  a  little  greater  than  it  would  be  for 
same  machine  separately  excited.  This  is  due  to  the  1 
of  magnetizing  current  as  the  armature  losses  increa 
and  the  terminal  pressure  decreases  accordingly  (a 
pare  Figs,  no  and  117,  Vol.  I.).  The  external  chai 
tcristic  of  a  shunt-wound  self-excited  alternator  may 


CHARACTERISTICS,  REGULATION,  ETC. 


275 


structed  from  the  curve  of  magnetization  and  loss 
:,  by  the  process  that  has  already  been  explained  for 
tinuous-current  dynamos  (Vol.  I.,  p.  205). 


/ 

/ 

\ 

.* 

/ 

f 

\ 

1 

I  I  i 

7S.  loss  Line.  —  The  differences  between  the  ordi- 
nates  of  the  external  characteristic  of  a  separately 
adted  alternator  and  its  terminal  pressure  on  open 
ircuit  are  the  ordinates  of  the  Loss  Line.     This  dif- 
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ference  in  the  ordinates  is  caused,  as  already  stat^r^d, 
by  the   loss  of   pressure   due   to    armature   resistan  -^c^ 

counter  electric  pressure  due  to  self-induction,  and  ^z.he 
effect  of  LirmatLire  reactions.  Since  the  effect  of  ar»ma. 
ture  reactions  depends  upon  the  current  lag,  tbc  si  ope 
of  the  loss  line  on  the  kind  of  cir«:ruji 

upon  which  an  sd,  and  the  slope  ia 

creased  as  the  s  f  the  circuit  is  greater. 

When  the  alter  dl  armature  self -ind  net- 

ance  and  is  woi  it   of  zero  or  negjigifclc 

inductance,  the  general  be  expected  to 

be  fairly  straighi  ps  due  to  resistance,  in- 

ductance, and  an  .s  are  all,  wfithin  narrow 

limits,  directly  proportional  .„  the  armature  currentr 
provided  the  armature  inductance  is  constant.  In  som* 
machines  (especially  those  with  toothed  armatures),  these 
provisions  are  not  fulfilled  on  account  of  the  large  vali>^ 
of  the  inductive  pressure  which  is  in  quadrature  wit" 
the  active  pressure,  and  the  loss  line  may  be  conside'* 
ably  curved,  so  as  to  be  convex  towards  the  axis  of  cU'' 
rent  or  horizontal  axis.  The  amount  of  the  cur\'atu''^ 
is  dependent  upon  the  degree  of  saturation  to  which  tb^ 
armature  core  is  suljjected,  and  upon  the  effect  of  tl^* 
air  space  in  the  circuit  of  the  magnetic  lines  which  31^ 
set  up  b}'  the  ampere-turns  of  the  armature.  Unless 
the  magni-'tic  induction  in  the  armature  is  denser  thao 
other  conditions  will  admit  in  good  practice  (Sect.  6J)> 
the  self-inductance  is  not  likely  to  decrease  as  the  cur- 
rent rises.  Hence  the  loss  line  of  alternators  worked  on 
non-inductive  circuits  is  likely  to  be  nearly  straight,  or 
else  convex  towards  the  horizontal  axis  (Fig.  115  i). 
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76.  Instruments.  —  In  all  the  measurements  required 
in  determining  alternator  characteristics,  the  instru- 
ments which  are  used  must  be  carefully  selected  so  that 
they  may  properly  measure  alternating  currents.  Thus 
the  voltmeters  must  be  of  the  types  described  in  Sec- 
tion 73,  and  the  amperemeters  must  be  of  one  of  the 
following  types : 

Electrodynamometers  or  current  balances  which  have 
no  metal  in  their  frames  in  which  disturbing  foucault 
currents  may  be  set  up. 

Known  non-inductive  resistances  through  which  the 
current  to  be  measured  passes,  and  the  pressure  at  the 
terminals  of  which  may  be  measured  by  means  of  an 
electrostatic  or  hot  wire  voltmeter,  or  by  means  of  an 
electrodynamic  voltmeter  having  a  negligible  time  con- 
stant. 

Or  finally,  amperemeters  dependent  for  their  indica- 
tions upon  the  heating  effect  of  the  current. 

These  instruments  may  be  standardized  and  calibrated 
^n  the  usual   manner  with  continuous   currents,   after 
^Wch  they  will  give  correct  indications  of  the  effective 
^ues  of  alternating  currents  for  any  frequency  within 
the  usual  commercial  limits.     If  other  types  of  ampere- 
meters are  used,  they  must  be  calibrated  by  comparison 
^th  instruments  of  one  of  the  types  described  above, 
Using  an  alternating  current,  for  the  calibrating,  which 
has  exactly  the  same  frequency  as  that  which  is  to  be 
measured  in   the   test.     Amperemeters  which   depend 
for  their  indications  upon  the  attraction  of  a  solenoid 
upon  a  laminated  iron  core,  are  likely  to  give  widely 
different  indications  for  equal  currents  of  different  frc- 
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quencies,  This  is  principally  tiuc  tu  the  effects  t 
foucault  currents  and  hysteresis. 

77.  The  magnetic  Distribution  Curve,  and  Curves  ( 
Pressure  and  Current.  —  These-  curves  may  be  txpcr 
mentally  tlctertnineci  by  various  methods.  They  consis 
of  a  series  of  curves  which  are  closely  interrelated,  bu 
may  be  iuic  y  to  he,  of  quite  dissimria 

forms.     Th  rve  representing  the  wa^ 

of  impress!  ital   pressure  developed    r 

the  armatu  tor,   is   directly  depcndei 

upon  the  d  :  magnetism  over  the  po 

faces,  and  ngcment  of   the  armalui 

windings.  ig,  either  of  these  may  I 

given  a  coniroiiing  influcnct:  to  the  exclusion  of  th 
other.  The  two-pole  machine  with  Gramme  armature 
discussed  in  Section  5,  gives  an  excellent  instance.  The 
differential  action,  which  occurs  Jn  the  coils  of  this  arma- 
ture, makes  its  curve  of  pressure  almost  independent  of 
the  distribution  of  the  magnetism  over  the  pole  faces- 
provided  the  same  total  number  of  lines  of  force  is  cul 
by  the  conductors  per  revolution  ;  and  the  maximum 
value  of  the  pressure  is  entirely  independent  of  tbe 
magnetic  distribution.  This  is  shown  by  Fig.  ii6> 
where  the  full  line  in  one  cut  shows  the  curve  of  press- 
ure developed  in  the  armature  with  a  uniform  distribu- 
tion of  the  field,  and  the  full  line  in  the  other  shows 
the  curve  of  pressure  with  the  same  total  field  greatl) 
distorted.  The  dotted  lines  in  the  cuts  show  the  distri 
bution  of  the  magnetism  over  the  pole  faces.  Tbe  con 
tinuous  pressure  developed  in  the  armature  when  th 
machine  is  operated  as  a  continuous-current  dynami 
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s  not  affected  by  the  distortion,  provided  the  brushes 
re  always  placed  on  the  neutral  plane  and  the  total 
nagnetism  passing  through  the  armature  remains  con- 
tant.  When  the  machine  is  converted  into  an  alter- 
lator  by  the  addition  of  collecting  rings,  the  maximum 
nstantaneous  pressure  is  equal  to  the  pressure  devel- 
oped in  the  continuous-current  machine,  and  is  therefore 
ndependent  of  the  distribution  of  the  magnetism,  but 
Vie  form  of  the  curve  representing  the  wave  of  pressure 
IS  slightly  altered,  as  shown  in   Fig.   116.      Now  sup- 
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pose  the  same  machine  to  be  arranged  with  a  single 
narrow  coil  on  the  armature.  The  change  in  the  mag- 
netic distribution  now  not  only  changes  the  form  of  the 
pressure  curve  proportionally,  but  also  changes  in  a 
niarked  manner  the  maximum  value  of  the  instantaneous 
pressure.  The  difference  in  the  curves  of  pressure  de- 
veloped by  the  broad  and  narrow  coil  armatures  is  due 
^0  the  effect  of  differential  action  in  the  broad  coil  arma- 
ture. It  has  already  been  shown  that  differential  action 
occurs  to  some  degree  in  commercial  alternators,  but  it 
does  not  occur  to  a  sufficient  degree  to  make  the  form 
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of  the  pressure  wave  independent  of  the  magnetic  dis- 
tribution. It  is  therefore  true  that  the  magnetic  dislri- 
bution  largely  influences  the  form  of  the  pressure  wave, 
and  the  distribution  should  therefore  be  carefully  studied 
during  the  development  of  a  type  of  akemators.    A 

proper  stud"  -'  ''-'" 'ic  distribution  and  of  tlie 

arrangcmenl  e  windings,  makes  it  pos- 

sible to  so  lator   that   it  will  produce 

any  desired!  /ave.     This  is  an  important 

point  which  ional  attention  later. 

The  angi  en  the  curves  representing 

the  magneti'  I  the  impressed  pressure,  is 

interesting.  the  curve  of  pressure  it 

any  point,  is  proportional  to  the  rate  at  which  lines  of 
force  are  cut  by  the  armature  conductors  at  that  point, 
the  rate  being  taken  algebraically.  Consequently,  the 
pressure  is  zero  when  the  magnetization  is  all  symmetri- 
cally threaded  through  the  coils;  that  is,  when  the  alge- 
braic rate  of  cutting  lines  by  the  conductors  is  zero- 
The  pressure  is  a  maximum 
when  the  rate  of  cutting 
lines  is  the  greatest;  that 
is,  when  the  algebraic  sum- 
mation of  the  number  o* 
lines  threaded  through  the 
coils  is  a  minimum.  A 
curve  which  shows  the 
algebraic  summation  of  the 
'*'  "'  number   of    lines    threaded 

through  the   coils    at    each   instant,  therefore,  has  an 
gular  position  which  is  90°  from  that  of  the  pressun 
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(Fig.    117).     The  form  and  dimensions   of  this 

evidently  depend  upon  the  actual  distribution  of 

lagnetism  and  the  arrangement  of  the  armature 

ngs.     When  the  pressure  curve  is  irregular,  and 

igular  relation  is  not  made  evident  from  the  curve, 

Fig.  118,  the  point  at  which  the  curve  of  mag- 

n  cuts  the  A^-axis  may  yet  be  easily  found,  since  it 

ectly  under  the  centre  of  gravity  of  the  pressure 

That  is,  since  as  many  lines  of  force  must  be 

rawn  from  the  coils  as  are  inserted,  for  each  loop 

e  curve,  the  summation  of  the  ordinates  of  the 

ire  curve  on  each  side  of  the  crossing  must  be 

s  curve,   which  shows  the   algebraic   number  of 

)f  force  which  are  threaded  at  each  instant  through 

oils,   may  be   easily  deduced  from  the  curve   of 

ire.      Erect   an   ordinate   to   the   pressure    curve 

bisects  the  area;    then  by  means  of  ordinates 

the  half  areas  into  a  number  of  small  areas.     The 

itism  threaded  through  the  armature  coils  is  algc- 

lly  equal  to  zero  at  the  instant  represented  by  the 

ing  ordinate,  and  the  algebraic  value  of  the  mag- 

1   threaded   through   the   armature   coils   at    any 

instant  is  proportional  to  the  area  enclosed  by 

essure  curve  between  the  corresponding  ordinate 

le  bisecting  ordinate,  since  e  =  —  and  N=^edt. 

dt 

fore,  the  ordinates  of  the  curve  representing  the 
itism  threaded  through  the  coils  are,  at  the  in- 
represented  by  the  ordinates  which  divide  the 
ire  curve  into  small  areas,  proportional  to  the  area 
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between  the  corresponding  instantaneous  pressur( 
nate  and  the  bisecting  ordinate.  The  full  proci 
therefore,  as  follows  :  lay  off  on  each  ordinate  a  1 
from  the  -V-axis  proportional  to  the  area  enclnsi 
the  pressure  curve  between  the  respective  on 
and  the  bisecting  ordinate.  The  points  thus  four 
points  on  the  desired  curve.  It  is  evident  tha 
I  ordinate  of  the  curve  coraes  at  the  it 


when  E  is  equal  to  zero.  The  length  of  this  on 
is  equal  to  TV,,  and  the  scale  of  the  curve  may  th 
conveniently  iixed.  The  curve  may  not  be  synime 
but,  with  a  iixed  value  of  A"",  and  a  fixed  armature 
ing,  the  successive  loops  must  always  be  exactly 
though  they  may  be  looked  upon  as  alternately 
tive  and  negative,  since  the  magnetism  is  alter: 
threaded  through  the  coils  in  opposite  directions, 
responding   curves  of   pressure  and   magnetis 
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5  forms  of  pressure  curves  are  shown  in  the 
panying  figures.  The  construction  of  the  second 
from  the  first  is 

by  the  dotted 

In  Fig.  118  the 
re  curve  is  one 
mentally     deter- 

from  a  Stanley 
ight  alternator 
working  on  a 
id  of  arc  lights.* 
;.  119  the  press- 
irve  is  an  equi- 

triangle,  in  Fig. 
is    a   sinusoid, 

Fig.  121  it  is  a 
^le.  The  press- 
rves  of  Figs.  122 
23  are  respec- 
a  flat-topped 
and  a  parabola.f 
:e  the  electrical 
ure    is    proper-  ^ifir-  121 

to  the  rate  of  change  of  the  number  of  lines  of 
hreaded  through  the  armature  coils,  the  ordinates 

pressure  curve  are  proportional  to  the  tangents 

curve  representing  the  number  of  lines  enclosed 


Fig.  120 


•ey    and    Walbridge,    Stanley    Alternate-Current    Arc    Dynamo, 

4mtrr.  Inst,  E,  E,,  Vol.  7,  p.  367. 

ery,  Alternating    Current    Curves,   Trans.    Amer,    Inst,    E,    £., 

P-  433- 
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by  the  armature  oaOft     Figwe  124  shows  a  graphical  j 
coDstnictioD  for  detcnntntDg  the  pressure  curve  tnA  I 


/»,,  /j,  and  O. 
drawn  parallel 


,  and  OA  arc,  by  construc- 
nts  of  the  angles  with  the 
to  the  magnetic  cune  at 
;,  and  Cn'.  O't'',  O'A  are 
I  aa,  bb,  and  the  tandem 


I    / 


%. 


i 


*  0.     The  points  of  intersection  of  horizontals  drawn 
n  a\  h',  etc,  and  verticals  drawn  from  /•[,  f>^  etc., 

Doitits  (in  the  required  pressure  curve. 
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idireclly  useful  magnetic  curve  is  one  showing 
■ution  of  the  lines  of  force  over  the  pole  faces. 
|e  is  analogous  to  the  magnetic  distribution 
continuous-current  machines  (Vol.  I.,  p.  208). 
I  experimentally  determined  by  the  fourth  nr 
sethod  given  in  Vol.  I.,  p.  21 1.  It  is  prob- 
[he  magnitude  of  the  periodic  effect  of  arma- 
ions  may  also  be  experimentally  determined 
wo  test  coils,  one  of  which  is  placed  in  a  posi- 
^ent  with  the  armature  coils,  and  the  other  of 
laced  so  that  its  phase  is  go"  in  advance.     If 
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(c  distribution  of  magnetism  over  the  pole 
machine  is  known,  it  is  evidently  possible  to 
tely  determine  the  form  of  the  pressure  curve 
be  produced  by  any  particular  arrangement 
iings.  It  is  also  equally  possible  to  determine 
jement  of  the  windings  required  to  give  any 
jm  of  pressure  curve.  Again,  if  a  particular 
lading  is  desirable,  the  magnetic  distribution 
scessary  to  give  a  desired  pressure  curve  may 
bed.  This  distribution  may  then  be  used  as 
Bdesigmng  the  width  and  shape  of  the  poll 


faces.  The  application  of  the  magnc*ic  disiribution  ■ 
curve  is  illustrated  in  Fig,  125.  The  dimensions  and 
form  of  the  pole  pieces  and  of  an  armature  coil  belong- 
ing to  an  alternator,  are  indicated  in  the  figure.  The 
oriiinates  of  the  line  ABCD  represent  the  m^netic 
density  in  the  air  space.  When  the  coil  is  in  the 
instantaneous  position  represented,  the  value  of  the  tlet 
trie  pressure  is  zero.  A3  the  coi!  moves,  each  con- 
ductor cuts  li '  ' ^'ppose  that  in  one  twenty- 
fourth  of  a  pi  moved  from  the  position 
indicated  by  .0  x',  y'.  During  this  mo- 
tion each  cor  :ertain  number  of  lines  of 
force,  and  t!  )y  all  the  conductors  is 
approximatel;  the  sum  of  the  areas  of 
the  curve  AB  r  to  x*  and  from  y  toy. 
The  shorter  the  more  accurate  tiiis 
becomes.  The  ire  developed  during  this 
interval  is  also  proportional  lO  the  same  area.  Con- 
sequently an  ordinate  which  is  numerically  equal  ii' 
the  area,  may  be  erected  at  the  point  a  =  7.4°  {one 
forty-eighth  of  a  cycle)  to  approximately  represent  the 
pressure  at  that  point  in  the  revolution  of  the  arma- 
ture. This  proceeding  may  be  repeated  through  the 
half  period  taking  the  algebraic  summation  of  the 
pressures  developed  in  the  two  halves  of  the  coil,  and 
the  outline  of  the  pressure  curve  is  thus  determined.* 

The  curve  representing  the  current  wave  also  repre- 
sents, when   taken   to  the   proper   scale,  the   cur\-e  of 
active  electric  pressure.-     From  preceding  pages  it  wa 
"vident  that  the  curves  of  active  and  impressed  press- 

•  Kipp'a  Dyanmoi,  AUrrnaliri,  and  Tramformtri,  f.^fi^Hstq. 
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ures  have  the  same  forms  and  are  superposed,  if  the  cir- 
cuit in  which  they  act  is  non-inductive  and  without 
capacity.  They  have  the  same  form,  also,  when  the  cir- 
cuit is  inductive,  if  the  impressed  pressure  is  sinusoidal, 
provided  the  inductance  is  independent  of  the  instan- 
taneous value  of  the  current  and  the  armature  reactions 
are  approximately  uniform.  The  condition  of  a  uniform 
iniluctance  can  only  hold  when  no  iron  is  enclosed  in 
any  portion  of  the  circuit.  In  general  this  condition 
is  not  found  in  commercial  service.  Even  with  a  uni- 
furm  inductance  the  curves  of  impressed  and  active 
pressures  will  not  coincide  in  phase,  since  phase  coinci- 
^dence  between  them  can  occur  only  when  the  circuit  is 
Whout  either  inductance  or  capacity,  or  these  exactly 
eutralize  each  other.  As  the  latter  is  also  a  condi- 
1  not  often  found  in  commercial  service,  it  may  be 
id  that  in  general  curves  of  impressed  and  active 
tssures  are  neither  similar  in  form  nor  coincident 
' phase;  but  they  are  always,  perforce,  of  the  same 
Equency. 

The  curves  are  usually  plotted  to  rectangular  coor- 
;  inductions,  pressures,  or  instantaneous  cur- 
Bts  being  plotted  as  ordinates,  and  angular  degrees 
time  as  abscissas.  To  more  definitely  locate  the 
Bses  it  is  not  unusual  to  indicate  the  position  of  the 
Ic  pieces  by  laying  them  off  at  the  top  or  the  bot- 
n  of  the  plot  (Fig.  126. )■  No  systematic  study  has 
en  made  of  the  distribution  of  magnetism  ovi^r  the 
c  faces  of   alternators.      Such   a  study,  as   already 

'Compart   Trans.  Amcr.  fntt,  E.  £.,  Vol.  7,  pp.  1.  311,  324,  367; 
l^mdm  ateelrKian,  VoL  sB,  p.  90;  and  EUU.  World,  Vol.  18,  p.  36S, 


288  ALTERNATING  CURRENTS. 

intimated,  would  be  of  much  value  in  determiidl 
most  satisfactory  form  for  ]x>le  pieces  and  the  at 
ment  for  armature  windings.  To  make  the  woi) 
plete,  it  should  cover  alternators  with  various 
of  armatures  when  worked  at  various  loads  und 
fcrent  conditions  of  current  lag.  Since,  at  a 
slant,  the  effect  of  the  armature  current  on  thei 
ttzation  of  the  pole  pieces,  de[)ends  ujxin  the  pod 
the  armature  coils  as  well  as  the  strength  of  tl 
rent,  this  effect  is  evidently  a  variable,  and  conseq 


Pig.  126 

the  distribution  of  the  magnetism  will  not  be  co 
In  other  words,  both  the  cross  turns  and  back  tu 
any  load  vary  continuously  during  each  peric 
therefore  the  magnetic  distribution  varies  with  th 
tion  of  the  armature.  The  magnitude  of  the  va 
of  the  magnetic  distribution  has  never  been  fullj 
mined.  It  probably  is  not  very  great  in  machia 
smooth-core  armatures,  and  an  average  distributi( 
be  assumed  as  satisfactorily  representing  workir 
^ions,  [n  machines  with  toothed  or  pole  arm 
effect  of  armature  reactions,  and  the  mover, 
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;eth  across  the  pole  faces,  is  often  sufficient  to 
regular  pulsations  in  the  field  magnetism  and 
nely  marked  distortions  in  the  pressure  curve. 
lulsations  are  sometimes  sufficient  to  materially 
the  magnetizing  current.  Figure  112,  curve  //, 
an  experimentally  determined  curve  of  the  field 
it  of  an  alternator  having  a  toothed  armature  core 
I  large  self-inductance  in  the  armature.  The 
ne  was  excited  by  a  small  shunt-wound  exciter,* 
;  most  satisfactory  method  of  studying  the  mag- 
[iistribution  is  by  means  of  a  test  wire  laid  on  the 
e  of  the  armature.  This  is  similar  to  the  method 
t  coil  on  armature  explained  on  p.  211  of  Vol.  I. 
idy  the  effect  of  the  armature  upon  the  magnetic 
jution,  the  test  wire  must  be  successively  located 
Ferent  points  on  the  armature  within  an  angular 
equal  to  the  pitch  of  the  poles. 
Methods  of  tracing  Pressure  and  Current  Waves. 
■ious  methods  may  be  used  for  experimentally  deter- 
g  the  form  of  electric  pressure  or  current  curves. 
Ballistic  Method.  A  ballistic  galvanometer  is 
cd  to  the  terminals  of  the  alternator  to  be 
The  fields  are  excited  in  the  usual  manner 
■  degree  desired.  The  armature  is  then  quickly 
eed  through  a  small  arc  of  revolution.  The 
of  the  galvanometer  is  read.  The  armature  is 
advanced  through  an  equal  arc  and  the  throw 
This  is  continued  until  the  armature  has  been 
:ed  through  a  distance  equal  to  twice  the  pitch, 
one  complete  period  of  the  pressure  curve  will 
•  Sec  Trant.  Amir.  Intl.  E.  E,,  Vol.  7,  p.  374, 


the   c'lfccl    of   arniaturo    reactions    I 
carves  taken  by  later  methods. 

This  method  may  bo  modified  by 
current  when   the  armature  is  in  t. 
tions,  instead  of   quickly  moving   ti 
throws  of  the  galvanometer,  which  ; 
proportional  to  the  number  of  lines  c 
through  the  armature   coils  when  t 
the  corresponding  positions.     The  ex 
mined  curve  therefore   shows  the  n\ 
force  which  pass  through  the  armat 
point,  and  from  this  curve  the  forn 
curve  is  easily  derived,  as  already  exf 
Figure  124  shows  the  curves  thus  det 

2.  Gerard's  Method,  This  is  an 
which  the  curve  of  pressure  of  an  al 
current  flows  in  the  armature,  may  1 
special  apparatus.  The  alternator  tc 
tated  at  a  very  slow  speed,  the  field  bt 


»•*•••■»' 


CHARACTERISTICS,  REGULATION,  ETC.  29 1 

ous  pressure.  By  moving  a  sheet  of  sensitized  paper 
before  the  galvanometer  mirror,  which  throws  upon  it 
a  beam  of  light,  the  curve  of  pressure  may  be  perma- 
nently recorded.* 

Each  of  the  following  methods  requires  the  use  of  a 
revolving  contact  maker  of  some  kind,  and  they  there- 
fore have  much  in  common.  The  principal  differences 
in  the  methods  relate  to  the  type  of  instruments  used 
to  give  the  indications,  and  the  convenience  with  which 
the  manipulations  may  be  made.  Whether  current  or 
pressure  curves  are  to  be  obtained,  instantaneous  press- 
ure measurements,  only,  are  made.  For  the  former,  the 
instantaneous  pressures  are  taken  at  the  terminals  of 
^  non-inductive  resistance,  and  the  instantaneous  cur- 
rents are  readily  deduced. 

3.  Joiibcrfs  Method  (1880).  The  terminals  of  the 
alternator  armature,  or  of  one  bobbin  of  the  arma- 
ture, are  connected  to  a  condenser  in  the  following 
Planner:  One  armature  terminal  is  connected  perma- 
nently to  one  terminal  of  the  condenser ;  the  other  ar- 
niature  terminal  is  connected  to  a  rotating  point  which 
roay  be  put  in  connection  with  the  free  terminal  of  the 
condenser,  when  the  armature  is  at  any  desired  point  in 
Its  rotation.  At  the  instant  this  contact  is  made,  the 
condenser  receives  a  charge  which  is  proportional  to  the 
instantaneous  pressure  in  the  armature,  and  which  may 
be  measured  by  discharging  the  condenser  through  a 
ballistic  galvanometer.  By  setting  the  contact  to  cor- 
respond with  various  points  in  the  revolution  of  the 
armature,    the    corresponding    instantaneous    pressures 

•  Sec  Gerard's  Lemons  sur  rAleciricite,  Vol.  1.,  p.  565,  3d  ed. 


va;  taxs  be  aavani  ^at  Ob  cmwK  of  pressure  n»y 
be  plotted  iFig.  ts;^  Tk  coobct  ouker  used  by 
Joafacit  was  2a  iaidilo!  {m  set  ia  tbc  vmatnR  shaft. 
asmst  which  a  Immh  oooU  te  node  ta  bear  at  my 
pant  B  the  revdhtk^  as  — |J.:.»i  qq  p.  31  i,  Vol.  I 
A  qaaAaot  ekdamneCa-  a^  be  nsed  to  place  of  the 
;  to  which  case  il 


Is  desirable  to  introduce  a  condenser  permanenily  "> 
pantllel  M'ith  the  electnMneter.  to  neutralize  the  eSef^ 
of  leakage  in  the  test  circuit.* 

Joubert's  investigations  made  in  1S80  resulted  in  tb^ 
first  determination  of  the  curve  of  pressure  of  an  alter- 
nator (see  page  23).  The  investigations  of  Dunca". 
Hutchinson,  and  Wilkes  probably  produced  the  earlitst 
series  of  experimental  cun-es  showing  the  reUlioW 
between  the  waves  of  pressure  and  current  in  circuit*! 
of  different  kinds.     The  investigations  of  Searing  an^ 

•See  JimbCTt,  Com/.(,i  AVWw.  Val.91,  iSSo,  p.  l6l:   Joabtn.  TrtrKti 
<tt  I^yaqtu,  iSSl;   Doncan.  llaUbiDSoD,  and  UHkiS,  EUttrioU  Wif^, 
Vul.   II.  188S,  f.  iba:  Searing  and  i lofTman.  y«r.  FraitHiM  /mUUlA 
I2S,   1SS9.  |i.  gj;    Ry»n,    Tram.  Amtr.  Inst.  E.  £..  VoL  7.  l*!* 
■  Jobcy  and  Walbridge,   Trail.  A^tr.  /ml.  £.  £.,  Vul.  7.  p- jSli 
/j)  l-iimlirt  EUtlriquf,  Vol.  41.  pp.  401  inj  307;   Hupkimort 
Muiktiiery  .m.i  AUteJ  SubjtcU,  p.  187; 
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man  were  the  first  made  upon  an  alternator  with 
in  the  armature  core.  Their  results  showed  the 
i  of  pressure  developed  in  a  smooth-core  drum 
.ture  to  approach  a  sinusoid  (Fig.  128). 
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Ryatis  Method  (1889).  Professor  Ryan  of  Cornell 
ersity,  in  conjunction  with  Professor  Mcrritt, 
ed  out  a  series  of  investigations  in  1889,  in  which 
ntirely  different  and  original  arrangement  of  the 
uring  instruments  was  used.     The  use  of  a  con- 
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denser 

and  ballistic  galvanometer  in  determining  [loiiits 

of  the 

pressure  and  current 

cur\'es  involves  long  ;in>i 

laborio 

us  manipulation,  and  in 

troduces  various  elcmtiils   , 

o£  inaccuracy.     On  the  other  hand,  a  quadrant  clcc-  | 

^,._— _.^^^ 

trometer  is  fairly  re- 

,^^^  5~"^nx 

liable,  is  direct  a-ad- 

/ 

ing,  and    is   approxi- 

f 

mately  dead  benl,  but 

{ 

L       has  a  limited  rang& 

j      A    satisfactor)'  elec- 

\ 

»i 

/      trometer    for  use  in 

\ 

'       a   long    investigation 

\ 

of     the    kind    undo 

N; 

^    ^ 

consideration    should 

^^  — <:^ 

have    a    wide    range, 

throughout  which  tte 
indications  should  k 

F    g    S  ^      F 

^: 

csV^a 

■     uniformly      accuratt' 
*      It    is    also    desirable 

that    the    instrumenl 
have  a  simple  law  and 

^       fi       ^ 

T    ± 

an     invariable     con- 

Fier. 139 

stant.    To  fulfil  ibese 

conditi 

ons,  Professor  Ryan  de 

igned  a  special  zero  read- 

inf^  electrometer  which  consi 

ts  essentially  of  a  cylin- 

drical 

'lectrometer  needle  A, 

and  four  quadrants  Q,  Q 

(Fig. 

?9).      Oil    the    upper 

side   of    the  electrometer 

die 

is   hung   a    magnetize 

d    steel    mirror  C,  which 

serves  both  as  a  magnetic  needle  and  as  a  mirror.  T 
needle  is  suspended  by  a  silk  fibre,  and  is  put  in  m^ 
tallic  contact  with  the  case  by  means  of  a  loop  of  ve 
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ine  silver  wire  S.  The  electrometer  case  is  circular, 
nd  the  magnetic  needle  is  arranged  to  be  in  its  centre. 
Ground  the  case  is  wound  a  coil  BB  of  fine  insulated 
nre.  When  the  plane  of  this  coil  stands  in  the  mag- 
letic  meridian,  the  coils  and  magnetic  needle  make  a 
angent  galvanometer.  On  the  other  hand,  when  the 
lectrometer  needle  is  connected  to  the  case  and  one 
air  of  quadrants,  it  makes,  in  combination  with  the 
ther  pair  of  quadrants,  a  quadrant  electrometer  con- 
ected  for  idiostatic  use.  If  the  terminals  of  the  clec- 
rometer  are  connected  to  a  circuit,  the  pressure  of 
rhich  is  to  be  measured,  the  needle  experiences  a  de- 
ecting  couple  which  is  proportional  to  the  square  of 
he  pressure.  For,  we  have  seen  in  Vol.  I.,  p.  19,  that 
he  attractive  force  between  two  charged  plates  is 

rhere  V  is  the  difference  of  potential  between  the 
•lates,  A  is  their  area,  and  D  is  their  distance  apart, 
n  this  case  both  A  and  D  are  unknown.  Their  effec- 
ive  values  are  constant,  however,  since  the  instrument 
5  designed  to  be  used  as  a  zero  instrument ;  that  is,  the 
eedle  always  has  a  fixed  position  with  respect  to  the 
uadrants  when  its  indications  are  read.  To  hold  the 
eedle  at  zero  when  the  needle  and  quadrants  are 
harged,  a  current  is  passed  through  the  coils  BB  in 
jch  a  direction  and  of  such  a  strength  that  its  deflect- 
\g  couple  on  the  magnetized  mirror,  is  opposite  and 
[ual  to  the  couple  exerted  on  the  electrometer  needle 
r  the  pressure  which  is  to  be  measured.     The  latter  is 
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use  Electric  Company,  replaced  the  galvanometer 
a  telephone  receiver  (Fig.  131).  Whenever  contact 
made  by  the  contact  maker,  a  sharp  click  is  heard 
the  telephone,  unless  a  balance  of  pressure  exists. 
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order  to  get  the  balance  with  great  exactness,  it  is 
lally  well  to  find  the  value  of  the  balancing  pressure 
en  it  is  increased  from  a  smaller  value,  and  also  when 
s  decreased  from  a  larger  value.     The  mean  value 


a 


^O 


CONTACT -MAKER 

REVERMNQ 


TELEPHONE 


I 


RECEIVER 


J 


B 


Fig.  131 


m  by  the  two  balancing  points  may  be  taken  to 
resent  the  true  balance.  It  is  best  to  place  a  con- 
ser  in  parallel  with  either  the  galvanometer  or  tele- 
ne  when  this  arrangement  is  used.* 


Electrical  Worlds  Vol.  1 8,  p.  140;    Hopkinson's  Dynamo  Machitury 
Allied  Stdjcc/Sf  p.  189.     This  has  been  niuditicd  by  Duncan  fur  cspe- 
accurate  work  (^EUctrical  Engineer ^  Vol.  19,  p.  192). 
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6.    Diinam's -iUff/iot/ (iSgi).     It  is  frequently  desira- 
ble  to   make   simultaneous   determinations   of   several 
pressure  and  current  curves.     In  this  case,  if  c 
the  methods  is  used  in  which  the  indications  are  gained  I 
by  the  intervention  of  either  a  condenser  or  an  electrom- 
eter, a  contact  maker  is  required  for  each  cur\'e. 
Louis  Duncan   of  Johns  Hopkins  University,  asMS 
by  Mr.  Carichoff  and  others,  devised  a  method  whin 
avoids  this  multiplication  of  contact  makers.     Then 
s  are  made  upon  special  electrodynamometers. 


Fig.  132 


of  these  is  provided  for  each  curve  which  is  to  I 
traced,  and  the  fixed  coil  of  each  is  connected  to  t 
circuit  to  which  its  cur\'e  belongs.  The  movable  « 
are  all  wound  alike  of  fine  wire,  and  arc  connected  i 
series.  In  circuit  with  them  are  connected  a  few  cdl 
of  storage  battery  and  a  contact  maker  (Fig.  i 

It  is  evident  that  if  alternating  currents  are  passeJ 
through  the  fixed  coils  of  the  electrodynamometers* 
at  a  certain  moment  an  instantaneous  current  bep 
through   the   movable  coils,   each   will   receive  ; 
pulse  that   is   proportional  to  the   instantaneous  ^ 
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e  alternating  current  in  its  fixed  coil.  If  the  in- 
ineous  current  be  passed  through  the  movable 
at  recurring  intervals  of  the  same  frequency  as 
urrents  under  test,  the  movable  coils  will  all  take 
anent  deflections  which  are  proportional  to  the 
spending  instantaneous  values  of  the  alternating 
nts.  By  changing  the  instant  of  contact  at  the 
ict  maker,  the  point  at  which  the  instantaneous 
nt  passes  through  the  movable  coils  may  be  made 
ident  with  any  point  on  the  alternating  current 
s.  Thus  various  points  on  the  waves  may  be 
Itaneously  determined,  and  the  curves  may  be 
;d. 

c  elcctrodynamomcters  must  be  calibrated,  but 
nay  be  readily  accomplished  by  passing  known  con- 
ui  currents  through  the  fixed  coils  of  the  instru- 
s  while  the  regular  interrupted  test  current  is 
d  through  the  movable  coils.  A  calibration  curve 
be  plotted  from  these 
vations.  To  assure 
anstancy  of  the  inter- 
d  test  current  di 
cs  of  observations,  a 
onval  galvanometer 
]e  inserted  in  the  cir- 
In  Dr.  Duncan's 
it  was  found  neces- 
to    make   the 
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>i  the  circuit  of  the  movable  coils  quite  large  (1000 
.  in  order  to  eliminate  the  effect  of  the  variable 
:t  resistance  at  the  contact  maker.       In  order  that 
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the  current  through  the  coils  should  be  brief  and  wlI 
defined  a  condenser  discharge  was  found  advantageous 
(Fig-  I33).' 

7.  Bedell's  Method  (1893).  Dr.  Frederick  Bedell  of 
Cornell  University,  with  others,  has  lately  made  a  dis- 
position of  the  instniments  which  is  advantageous  in 
many  cases.     Each  of  the  methods  thus  far  described 


depends  upon   ' 
instruments 
On    the   oth' 
might  be  mai 
portable,  gem 
only  a  limite 
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denser  as  in  Fig.  1 34. 


I   special  instrument  or  of 

:  to  handle  satisfactorily. 
static   voltmeters,    whiti 
usual  instruments  and  art 
e  which  may  be  read  over 
nstrument   reading  up  to 
150  volts,  for  instano. 
is    likely  to    give  very 
poor   indications   belof' 
)  60  volts.     In  order  that 
such  an  instrument  may 
be  used,  Dr.   Bedell 
ranges   it   with    a  c 
This  condenser  is  kept  chargB 
which  is  sufficient   to  bring 


to  a  known  potentia 

needle  of  the  voltmeter  to  a  satisfactory  position  on  th 
scale.  That  is  to  say,  the  condenser  serves  to  displac 
the  zero  of  the  voltmeter  scale  a  known  amount.  Thcvai 
lies  of  instantaneous  pressures  read  on  tiie  voltmetcrai 
then  equal  to  the  indications  minus  the  initial  reading*  [ 
8.  Pupins  Resonance  Analysis  (1893).  Dr.  M.  1  , 
Pupin    of   Columbia    College   has   devised  and  expffl    1 


•  7-™«j.  Amtr.  Insl.  E.  E..  Vol.  9,  p.  ] 
t  Ibid.,  Vol.  10,  p.  503, 
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mentcd  with  a  method  for  determining  by  i 
Ihe  various  harmonics  which  enter  into  alternating-cur- 
rent curves.  If  the  sinusoidal  harmonics  are  fully 
known,  the  principal  curve  may  be  drawn  (Sect.  30).* 

Professor  Ayrton  several  years  ago  proposed  a  plan 
for  determining  the  sinusoidal  components  of  a  current 
nirve  by  means  of  the  vibrations  of  a  stretched  wire. 

79.  Contact  Makers.  —  The  earliest  and  simplest  con- 
act  maker  was,  as  already  pointed  out,  simply  an  insu- 
lted pin  set  in  the  shaft 
•f  the  alternator  furnish- 
ng  the  current  for  the 
est.  With  this  was  a 
irush  so  arranged  as  to 
nake  contact  with  the  pin 
t  any  desired   point  in  ""' 

he  revolution.  This  arrangement  is  often  inconvenient 
i  application,  and  is  likely  to  give  rather  irregular 
esults.  The  contact  is  likely  to  be  variable  in  resist- 
Jicc  and  as  the  brush  wears,  the  duration  of  contact 
"aries.  Each  of  these  points  introduces  errors  of 
[reater  or  less  magnitude,  depending  upon  the  condi- 
ions  of  the  test.  Various  refinements  of  construction 
lave  been  introduced  by  experimenters  in  order  that 
he  defects  of  the  contact  makers  may  be  eliminated. 
figures  1 35  to  1 39  show  the  contact  makers  used  by  Jou- 
lert.  Searing  and  Hoffman,  Ryan,  Duncan,  and  Hlondcl.-f 


•  rupin,  Jr^ns.  Amtr.  IhU.  E.  E.,  Vol.  ir,  p.  523. 
I  Camfiles  Htndus,  Vol.  gi,  p.  161 ;    ymir.  Franklin  InsliUiU 
93:    Tram.  Amtr.  Imt.   E.  £.,  Vol.  7,  p.  y.   Ibid.,  Vol. 
t  Lumiirt  £Uetrigue,  Vol.  41,  p.  5IZ. 
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The  conuct  makers  used  by  each  oi  these  cipcn- 
menters  dep<;nd  upon  the  mechanical  contact  between 
a  point  and  a  brush  or  spring,  and  therefore  do  nol 
entirely  avoid  Ihe  difficulties  from  poor  or  variable  con- 
tacts. If  a  contact  of  absolute  uniformity  were  assurei, 
special  instru™""*"  vtmtlA  nnt  be  necessary  for  taking 
the   indicatic  ag  pressure  and  cuncnl 
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curves,  because  the  indications  of  a  sensitive  electro- 
dynamometer  might  then  be  directly  used.  Professor 
Ryan  and  Dr.  Bedell  have  lately  made  an  ingenious 
arrangement  by  which  the  duration  and  resistance  of 
the  contLKl  are  ni:ide  quite  uniform.  The  arraiigemeni 
is  shown  in  Fig.  140.  It  consists  essentially  of  a 
revolving  disc,  D,  attached  to  the  dynamo  shaft,  and  a 
tationary  graduated  bead,  H.    From  the  revolving  disc 
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teedle,  N,  projects.     To  this  one  dynamo  terminal  is 
ached.      Upon  the  graduated  head  an  insulated  brass 


'Fl».  187 
zle,    T,  is  mounted.     The  nozzle  hns  a  fine  hole  in 


ted  that  a  thin  jet  of  water  flowing 


m  it  is  cut  once  in  a  revolution  by  the  needle.     A 
mection  from  the  nozzle  to  the  indicating  instrument 


3P4 
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completes  Ihc  contact  maker.  By  means  ut  (he  graihl 
ated  head  the  contact  may  be  made  at  any  desired  p 
of  the  TCToIulion.  It  is  found  that  the  jet  may  1 
satisfactorily  maintained  from  a  jar  of  water  a  few  fta 
above  the  contact  maker.  The  noMH  is  radial,  the  j< 
keeps  its  dircr*^™*  *'••■  «™-  '^'tlc  distance  before  beinj 
broken  up,  an  the  jet  cjuitc  near  lot) 


Flff.  139 


Flff.  140 


nozzle  where  it  is  fairly  stiff.  Water  with  a  little  salt  in 
it  is  used,  as  pure  water  has  too  high  a  resistance,  and 
acitluJatcd  water  corrndes  tlic  apparatus.* 

The  contact  makers  described  ttiiis  far  have  been 
arranged  for  a  single  contact,  but  it  is  frequently  desir. 
blc  to  make  simultaneous  observations  of  several  cur^'c; 


<r.  /ml.  E.  £.,  Vo).  lot  p.  500, 
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:n  Duncan's  method  is  not  available,  this  may  be 
jly  accomplished  by  using  a  contact  maker  with 
appropriate  number  of  contact  discs  on  the  same 
die  (Fig.  139).*  Then  a  satisfactory  instrument, 
I  as  an  electrostatic  voltmeter,  may  be  used  in  each 
lit.  Sometimes  it  is  not  convenient  to  have  the 
act  maker  attached  to  the  dynamo  shaft,  in  which 
it  may  be  attached  to  a  short  length  of  flexible 
t  (Fig.  141),  which  may  in  turn  be  attached  to  the 
imo  shaft.     When  connection  to  the  alternator  can- 


Fig.  141 


je  conveniently  made,  the  contact  maker  may  be 
n  by  a  synchronous  motor  as  has  been  done  hy 
leLf  Siemens  and  Halskc,  and  Fleminfc.J 
ly  of  the  methods  in  which  a  reflectinft  instrument 
cti  may  be  made  continuously  self-record injr  by  a 
■r  disposition  of  the  apparatus.  In  this  case  a 
of  light  is  thrown  upon  the  mirror,  and  its  devi- 
ls  recorded  by  means  of  a  moving  photographic 


•  See  BlonHel,  /.a  /.u/niir/  A/fe/ri,/Hf.  V.il 
f  /ji  Lumiirt  Hleitriqar,  V<i1.  50,  ]>.  \^i>. 
\  l^udau  EUdriiiatt,  Vol.  34,  p.  460, 
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film.  In  order  that  the  complete  carve  tnav  be  ii)u> 
recorded,  the  contact  poiots  most  be  caused  to  vi^^ 
continuously  around  the  spindle  of  the  cutoact  maker. 
A  form  of  contact  maker  designed  for  this  pBiffX  '^ 
shown  in  Fig,  139.  Since  the  needle  of  the  gslvatioifr 
eter  or  electrometer  which  is  used  with  the  cont^' 
maker  must  rigidly  follow  the  intensity  of  thccu"«' 
impulses,  the  instrumcot  must  be  truly  dcadbeat  a"' 
have  little  inertia.  The  vibrations  of  a  tclcpbone  di» 
phragm  have  been  used  to  replace  the  devtaJoo*  " 
a  galvanometer  or  electrometer  needle," 

80.  Areas  <rf  Snccessive  Curves.  —  In  general,  ot^' 
vations  which  cover  one  complete  period  entirely  d^lii"'- 
the  cunes  of  current  and  pressure.  Since  there  is *" 
continuous  transference  of  electricity  in  one  direct^"' 
the  areas  of  successive  loops  of  the  curves  shouliJ 
equal.     In  the  pressure  cur\es  produced  by  an  al''^^' 

nator,  for  instance,  c  =  — ^'  and  A'=  I  edt,  where 

lit  J  .^ 

the   total   number  of  lines  of   force  passing  into  ' 

armature  core  and   \dt  is  the  length  of  the  period- 

A'and  7"  are  constant,  as  would  be  the  case  for  an  a'' 


It; 


nator  with  fixed  field  magnetism  and  a  rigid  arms*^ 
shaft  which  is  driven  at  a  uniform  speed,  the  values 
the  successive  areas  must  be  equal.  On  accoun*^ 
various  irregularities  in  the  construction  and  worK' 
of  alternators,  experimentally  determined  curves  are 
always  uniform.  In  fairly  large  commercial  mach**^ 
tlic  differences  are  usually  not  greater  than  might 

1,  La  iMmure  Altclrique,  Vol  41,  p-  401;  Knelidi,  ^ 

tUcht  Ziilschri/l,  VqI.  10,  p.  34J. 
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caused  by  the  errors  of  observation  due  to  the  cxpere 
mental  determination,  and  appreciable  differences 
the  areas  of  successive  loops  of  the  curves  produo 
by  mechanically  rigid  machines  driven  at  a  unifoi 
angular  velocity  are  not  to  be  expected,  except  p( 
sibly  when  the  machines  have  armatures  with  tlw 
halves  connected  in  parallel,  and  then  only  when  t 
magnetic  circuits  lack  symmetry  to  a  considcral 
degree.  In  the  case  of  certain  small  eight-pole  alt 
nators,  Dr.  Bedell  found  differences  in  the  areas  oft 
consecutive  loops  which  are  scarcely  explainable  up 
the  ground  of  errors  of  observation  or  of  varia 
speed.*  The  curves  given  by  two  of  these  machii 
in  one  complete  revolution  (four  complete  periods) 
shown  in  Fig.  142.  The  individual  areas  of  the  loops 
are  marked  upon  the  figure.  While  these  differ  as 
much  as  25  per  cent  amongst  themselves,  the  sumsuf 
the  positive  and  negative  areas  differ  by  no  more  than 
might  be  caused  by  experimental  errors.  This  appar- 
ently shows  that  irregularities  in  the  magnetic  circuits 
and  in  the  armature  windings  may  in  some  cases  causfi 
differences  in  the  successive  loops  of  the  curve  devel- 
oped in  one  revolution,  but  the  algebraic  summations 
the  areas  due  to  each  revolution  is  zero.  The  latW 
must  be  true,  or  there  would  be  a  continuous  flow  li 
electricity  in  one  direction.  The  fact  that  the  machiria 
tested  by  Dr.  Bedell  had  notable  structural  weaknesses,, 
leads  to  the  probability  that  the  springing  of  the  shaft' 
or  other  parts  of  the  machine  may  have  cau.sed  the 
lal   result  which  he  found. 


•  JJiysiial  Ktvicii;  Vol.  I,  p.  SlS, 


('HARA<'Ti:Kis'rif  s.  i<i,<;i  i..\'r!"\.  i  r< 
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81.  Determination  of  the  Effective  Values  of  Current 
or  Pressure  from  their  Curves.  —  It  is  often  desirable  to 
determine  effective  values  of  current  or  pressure  from 
the  experimentally  determined  curves.  In  this  case,  a 
second  curve  may  be  plotted,  the  ordinates  of  which  are 
^ual  to  the  square  of  the  respective  ordinates  of  the 
primary  curve.  The  square  root  of  the  mean  ordinate 
of  the  second  curve  is  the  effective  value  of  the  ordinates 
of  the  primary  curve.     The  mean  ordinate  of  any  curve 


Figr.  143 


is  readily  determined  by  measuring  its  area  by  plani- 
meter  and  dividing  the  area  by  the  length  of  the  base. 
The  effective  value  may  be  directly  derived  from  the 
primary  curve,  as  originally  shown  by  Stcinmetz,*  if  it  is 
plotted  on  polar  coordinates,  taking  360°  to  a  complete 
period.  This  gives  a  symmetrical  curve  which  crosses 
the  origin  at  0°,  180°,  360°,  etc.  For  an  exact  sinusoid 
the  curve  is  of  the  form  shown  in  Fig.  143,  and  has  its 
maximum  value  positive  and  negative,  at  90''  and  270'^. 

♦  Trtins.  Amrr.  Inst,  E,  E.,  Vol.    lo,  p.  527;   EleklroUchniiche  Zeii- 
uhrifty  June  20,  1 890. 
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Each  loop  is  a  circle  with  the  pole  on  its  circuinference 
and  the  initia]  line  tangent  to  the  circuroference,  the 
maximum  ordinate,  a.  being  equal  to  the  diameter.  The 
area  of  the  curve  in  this  form  may  be  shown  to  be  di- 
rectly pmportional  to  the  effective  value  of  theordinaiu 
as  follows :  In  the  case  of  a  sinusoidal  curve,  the  fK^Jt 
curve  has  sin  a,  where  r  is  the  insH* 

tancoiis  pr  iig  to  an  angular  advance  a. 

In  plotting  -s  of  ^  are  laid  off  on  the 

radius  vcct  al  angles  equal  to  the  cwi- 

responding  a  line  is  drawn  through  the 

points  thus  ).     Each  loop  of  this  ciitvf. 

that  is,  the  pa..  --i      taken  between  a  =0°  am 

a  =  iSo°,  or  a  =  180"  and  o  =  360"  is  a  circle,  and  'A 
area  \s  A  —  \  -jriP,  where  d  is  the  diameter  of  the  cird' 
By  the  construction,  il  is  equal  to  </  of  the  forma 
e  =  a  sin  a,  and  the  area  of  a  loop  of  the  curve  is  thci 
fore  A  =  \  Trit^.  The  effective  ordinate  of  a  sinusoid  b 
already  (Vol.  I.,  p.  83)  heen  shown  to  be 

Consequently  .£'  =  -*/i_     =  .798  V.^. 

This  may  be  taken  for  most  purposes  as  E  =  .SVTI. 
In  the  case  of  any  single-valued  function 

c  =  a&ma  +  b  sin  3  a  +  r  sin  3  a  +  etc. 

+  a'  cos  a  +  l/'  cos  2a +  c'  cos  3  a  +  etc., 

>d  the  area  of  one  loop  of  the  polar  curve  representh 
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this  is  W  =  r  ^da.  The  mean  of  the  squared  oriii- 
nates  of  the  function  is  av,  t^=  -  J,  i^da.  The  eScctivc 
ordinate  i^i 

E  ^  Vav.  I 


=VU".v»-V^=.798v;* 


As  before, 

Figure 
the  polar 
alternator, 


1  as£'  =  ,8V^. 
re  of  squared  ordtnatesand 
rssurc  wave  of  the  Stanley 
:e  has  already  been  made. 


^ 


REGULATION   AND  COMBINED  OUTPUT.        313 


CHAPTER   VII. 

REGULATION  AND  COMBINED  OUTPUT. 

82.  Regulation  for  Constant  Pressure.  —  A.  Separately 
Excited  Alternator.  A  separately  excited  alternator  has, 
LS  already  intimated,  no  inherent  tendency  towards 
*egulation.  The  regulation  is  usually  effected  by  hand, 
either  by  means  of  a  hand  regulator  in  the  field  circuit 
^f  the  shunt-wound  exciter  or  a  hand  regulator  directly 
in  series  with  the  alternator  fields.  The  adjustment  of 
these  regulators  may  be  performed  through  devices 
Jictuated  by  a  relay  placed  as  a  shunt  to  the  main  cir- 
cuit, but  this  is  considered  inadvisable  in  this  country 
•ind  the  use  of  automatic  regulators  with  alternators  is 
entirely  unknown  ;  but  in  Great  Britain  and  Europe 
automatic  devices  are  used  in  many  large  plants. 

An  ingenious  device  which  seems  to  give  satisfaction 
'^  made  by  the  firm  of  Ganz  &  Company  of  Buda  Pesth. 
^he  essential  parts  of  this  regulator  are  a  solenoid 
^'hich  is  connected  as  a  shunt  to  the  main  circuit.  This 
Solenoid  attracts  an  iron  core  which  carries  a  mercury 
^iJpat  its  top.  Since  the  current  which  circulates  in  the 
Solenoid  depends  upon  the  pressure  of  the  main  circuit, 
^Jie  position  of  the  core  with  its  mercury  cup  depends 
^^on  the  pressure.  A  series  of  wires  of  graduated 
cngths  dip  into  the  mercury  cup  in   such  a  way  that 


t 


^ 


of  consumption  rather  than  at  the  < 
Company  have  succeeded  in  arran 
todn  thiiwit-hni.f  iK.'  ;.,--^".-.";""-- 
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ncreases,  while  at  the  same  time  the  dynamo  pressure 
increases  by  a  sufficient  amount  to  compensate  for  the 
^all  of  pressure  in  the  feeders  which  run  to  the  centre 
rf  distribution.  In  other  words,  E  —  CR  must  be  kept 
constant,  E  being  the  dynamo  pressure,  C  the  current, 
ind  R  the  resistance  of  the  feeders.  This  is  effected  as 
follows  (Fig.  146) :  The  regulator  is  connected  to  the 
5c*condary  of  a  special  transformer  T^  which  is  con- 
r^ectcd  in  parallel  across  the  feeders.  The  pressure  of 
^he  secondary  of  this  transformer  is  proportional  to 
the  dynamo  pressure  E.  Another  transformer,  T\ 
is  connected  with  its  primary  in  series  with  the  feed- 
ers. The  pressure  developed  in  the  secondary  of  this 
transformer  can  be  adjusted  so  as  to  be  practically 
^qual  to  CR  for  all  values  of  the  current.  The  sec- 
ondary of  this  is  connected  in  series  with  the  secondary 
of  the  first  transformer,  and  in  such  a  way  that  their 
pressures  are  in  opposition.  Hence  a  voltmeter,  Vy  con- 
'^ected  across  the  terminals  of  the  two  secondaries  indi- 
cates a  pressure  which  is  proportional  to  the  pressure 
it  the  terminals  of  the  feeder,  ox  E  —  CR,  If  the 
lutomatic  re<^ulator  is  also  connected  across  the  termi- 
lals  of  the  two  secondaries,  it  will  adjust  the  excitation 
f  the  alternator  so  that  E  —  CR  is  kept  constant  regard- 
Jss  of  the  value  of  C  In  the  figure,  5  is  the  solenoid 
f  the  regulator,  R^  is  the  resistance  automatically  con- 
oiled  by  the  solenoid  to  vary  the  excitation  of  the 
ternator,  and  R^,  R^,  R^  are  resistances  in  circuit  with 
e  regulator  which  are  used  for  adjusting  it  to  give 
oper  indications  for  various  values  of  Cand  R* 

•  Pleming*s  Alter tiaU  Current  Transformer,  Vol.  11.,  p.  137. 
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Thedeiicebae  ased  Car  uhr-mitiMg.  al  dR  ai 
of  tbe  ngobtor  a  prcwMc  winA  »  pnyaett 
^  —  Cff,  b  exactly  umflar  i»  oprratin»  m  Ae  tHj 
bnate,  MMalled, " ompemjied  wntamo^'  ^idWl 
in  Ibti  oDuntrjr.  In  thb  esse  baaJ  ra^gabliia  mt 
ahrdjr  adoptnl,  bat  it  u  deiinble  to  p«r  a  1M 
presiuire  at  ibe  poial  of  cd«aH 
To  avoid  tbe  expense  and  ana 
of  "  pressure  wires  **  tbe  stattt 
meter  is  connected  in  series  aj 
secoDdarics  of  a  paiaBd  anda 
transformer  which  act  in  oppl 
(Fig.  147).    Tbe  tnadonneiB, 


UD^ 


Fig.  147 


5 


limpiTly  ;utjiihtc(i,  the  voltmeter  shows  at  all  tin: 
hinip   ))rfssiire  at  the  centre  of  consumption." 
VVeslinfihouse  a]ipar;itus,  several  terminals  arc  b 
out  frmn  the  socondarv  nf  the  series  transformc 


luiiijiiitc  I'l  till  ill); 's  A/fen 


,.m/or, 
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like  that  shown  in  Fig.  147,  and  the  adjustment 

ipparatus  to  compensate  for  any  line  drop  is  made 

iging  the  secondary  connections  and  so  chang- 

e   number  of   effective  secondary  turns    in    the 

or  circuit.     In  some  cases,  the  secondary  of  the 

transformer  is  not  connected  into  the  circuit  of 

;ular  voltmeter  coil,  but  is  connected  to  an  aux- 

oil  which  is  wound 

dc  of   or   over  the 

)il. 

VVestinghouse  Com- 

.Iso   manufacture   a 

regulator  for  use  in 

where    several    cir- 

e  fed  from  one  alter- 

>r  set  of  *bus  bars. 

essentially  a  special 

rmcr  (F'ig.  148)  with 

con  clary,    CD^    con- 

in  scries  with  one    

re,  and  the  primary, 
nnected  across  the   ' 

the  pressure  in- 
in  CD  may  be  made  to  either  aid  or  oppose  the 
tor  pressure  by  means  of  a  reversing  switch,  X. 
rcngth  of  the  induced  pressure  in  CD  may  be 
by  changing  the  number  of  effective  turns  in 
CD    or    AB    by    means    of    movable    contacts. 

149  gives  a  view  of  the  transformer  with  the 
or  switches.  Similar  devices,  in  which  the  rcgu- 
5  effected  by  varying  the  position  of  the  primary 


4 
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and  tecooiiAjy  od<Is  wUb  respect  Co  eacb  otho'.  Or  of 
Ibc  CJtc  with  raped  to  both,  are  mannfactarcd  by  tfic 
General  EJcctnc  Cnnipaoj. 

In  an  EngKsh  plant,  tor  whicb  tbc  auchi&ery  «ai 
constrocted  by  the  Electric  Coostrgctjoa  Corporadoo, 
another  pUo  b  laei 
in  rcgabling  scpantdf 
cscdtcd  altematon:.  la 
this  case  saiKSrWami 
exciters  arc  used,  the 
regulation  ut  which  if 
effected  by  shunlii^ 
their  fields.  The  shunt 
is  composed  of  a  liquid 
resistance  into  whicb 
dip  two  plates  which  aie 
connected  across  the 
terminals  of  the  cxciia 
fields.  These  plates  art 
raised  and  lowered  in  the 
liquid,  to  vary  the  w 
sistance  of  the  shunl, 
by  means  of  a  solenoid. 
This  in  turn  is  actuated 
by  an  ingenious  thcmul 
relay,  which  consists  of 
tw"  stretched  wires  connected  to  the  secondarj-  of  a 
tran.sfornicr.  The  primary  of  the  transformer  is  con- 
nected across  the  main  circuit  of  the  alternator  or 
the  terminals  of  one  coil  of  its  stationary  arma- 
ture.     The    pressure    developed    in    the    transformer. 
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mdary  is  therefore  proportional  to  the  alternator 
jsure.  When  the  latter  falls  below  normal,  less 
1  the  normal  current  flows  through  the  relay  wires, 
ch  contract  enough  to  actuate  a  switch  which  <:auscs 

solenoid  to  lift  the  electrolytic  plates  and  thus 
ease  the  resistance  across  the  fields  of  the  exciter, 
en  the  alternator  pressure  rises  above  the  normal, 
e  current  flows  through  the  relay  wires,  which,  by 
ging,  actuate  the  regulating  apparatus  so  that  the 
es  are  lowered  further  into  the  liquid.  In  this 
mer  the  fields  of  the  exciter  arc  regulated  so.  that 
alternator  pressure  is  kept  constant, 
n  this  country  self-regulation  of  alternators  is  pre- 
ed  to  automatic  regulation  by  external  devices.* 
s  is  effected  by  means  of  composite  windings  (Sect. 
Composite-wound  alternators  may  be  best  treated 
cparately  excited  alternators  with  a  certain  number 
;elf-excited  series  turns  on  the  field-magnets.  The 
-excited  field  turns  are  usually  of  sufficient  number 
Tiake  the  external  characteristic  a  nearly  straight 
zontal,  or  slightly  rising  line.     The  predetermina- 

of  the  number  of  series  turns  required  to  give 
:t  compounding,  or  a  desired  degree  of  over-com- 
nding,  is  not  readily  accomplished  when  no  experi- 
ital  data  of  the  machine  is  at  hand,  on  account  of 
complex  effect  of  self-induction  and  armature  rcac- 
s  upon  the  pressure  of  the  machine  (compare  Sect. 

The  compounding  that  gives  regulation  on  an  in- 

ionless    load    evidently  may   fail    for   an    inductive 

The    ratio  of    series   ampere-turns   per  pole   to 

♦  Compare  Text-hook^  Vol.  I.,  p.  216. 
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armature  ampere-turns  per  coil  which  is  required  to 
give  regulation  for  one  alternator  o(  a  fixed  type,  will 
doubtless  give  equally  satisfactory  results  on  machines 
of  different  capacities  but  of  the  same  type;  but  Ihc 
marked  differences  in  the  magnitude  of  the  effects  o{ 
self-induction  and  armature  reactions  in  akernatorsof 
different  type  isible  to  fix  any  ratio  that 

will  even  api  r  all  types   of   machines 

For  altcrnati  -core  drum  armatures  ihs 

ratio  of  serie  per  pole  to  ampere-turns 

per   armature  ally  unity.     In  machia 

with    ring,   p  I    armatures   the   ratio 

doubtless  cons  ■.     In  machines  with  i£i 

armatures  it  mn/  ui  lat   smaller.     The  variou 

arrangements  of  the  circuits  that  may  be  made  in 
posite  windings  have  already  been  pointed  out  (Sect 
71),  It  is  quite  common  to  place  a  variable  shunt 
around  the  series  windings  so  that  the  magneiiiing 
effect  may  be  varied,  exactly  as  is  done  in  compouni^ 
wotmd  fniitinunus-current  dynamos  (Vol.  I.,  p.  325), 

83.  Regulation  for  Constant  Pressure. — B.  Sf/f-it^ 
tifii/  Alternator.  The  defect  in  self-regulation  of 
alternator  excited  from  an  independent  winding 
the  armature  is  practically  the  same  as  that  of 
ratel)  excited  machine.  In  a  shunt-wound  macbi 
the  defect  is  greater,  as  already  stated  (Sect. 
The  regulation  of  alternators  which  are  self-excited 
shunt  or  by  a  separate  exciting  coil,  can  only 
.satisfactorily  effected  by  means  of  a  variable  re; 
ancc  or  hand  regulator  placed  in  the  exciting  circ 
The  regulation  might  be  effected  by  moving  the  bnis 
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1  the  rectifying  commutator,  but  only  at  the  expense 
E  prohibitive  sparking  and  wear.  The  variable  rheostat 
lay  be  operated  automatically  by  the  same  devices  that 
re  sometimes  used  with  separately 
xcited  machines.  These  do  not  meet 
■ith  favor  in  America,  however. 

84.  Regulation  far  Constant  Current. 
-Constant-current  alternators  may  be 
tther  separately  or  self-excited.  Their 
sgulation  is  made  entirely  inherent  by 
csigning  their  armature  reactions  and 
slf-induction  to  be  so  great  that  the 
urrent  cannot  rise  above  its  normal 
alue.  The  armature  is  wound  to  gen- 
rate  a  pressure  upon  open  circuit 
inch  greater  than  that  required  for 
ill  load,  and  hence  the  current  remains 
ear  its  full  normal  value  up  to,  and 
ren  considerably  beyond,  full  load, 
och  machines  are  worked  on  short- 
ireuit  without  injury,  but  if  the  circuit 

opened,  they  are  liable  to  injury  on 
xount  of  the  excessive  open  circuit 
ressure  breaking  down  the  insulation, 
hese  machines  are  really  worked  on 

part  of  the  characteristic  which  is 
tused  to  be  almost  vertical  on  account 
:  the  large  self-inductancc  of  the  ar- 
ature.  Constant-current  alternators  have  only  been 
led  for  arc-lighting.  The  external  charactoristrc  of  a 
tanley  arc-light  alternator  is  given  in  Fig.  150, 
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85.  Connecting  Alternators  for  Combiacd  OnQML 

Thfj  turifiJtions  rfquirtd  far  successfully  conncctiaj 
alternators  so  that  their  outputs  may  be  combined,  UC 
quite  (IJffcreDt  from  those  obtaining  in  the  case  ofcM 

tintioiis-current  machines.  In  onler  that  the  oiit{iri 
of  altornators  mav  be  added,  it  U  evident  that  the  pte» 
urc  waves  in  upon  the  circuit  must  beil 

exact  consoi  he  pressure  waves  must  be 

of  cqu^il  pel  ronism,  and  also  of  cnm 

Hpiinding  ph  ith  each  other.     If  this  a 

not  thi.-  CHse  ill  be  in  opposition  dnno] 

all  (ir  a  |inrli  t  wave.  1 

86.  Alternators  — The  alternators  will  W 
assumed  in  this  discussion  to  be  constructed  so  asti 
give  equal  currents  at  a  fixcc!  frequency.  The  forraM 
the  current  waves  will  also  be  assumed  to  approximate 
a  siniisuid. 

In  Fit;.  151  rt  let  the  curves  A  and  A'  represent  llW 
electric  pressure  waves  of  two  alternators  with  their  ar- 
matures connected  in  series,  the  machines  being  driven 
independently,  but  so  as  to  give  practically  the  sanM 
frequencies  and  pressures.  The  ordinates  of  curve  & 
arc  the  algebraic  sums  of  the  corresponding  ordinattl 
of  curves  A  and  A',  and  hence  curve  ff  represents  the 
resultant  pressure  of  the  two  machines.  Curve  Cm 
assumed  to  be  the  curve  of  current  flowing  in  the  ci< 
cuit.  Assuming  the  two  machines  to  be  running  syw 
chroiiously,  but  to  be  out  of  step  by  an  angle  2  9,  makd 
the  phase  difference  between  the  resultant  pressure  n 
and  either  component  wave  ±  ff.  Finally,  the  cun 
'ags  behind  the  resultant  pressure  by  an  angle  ^ 
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unt  of  self-inductancc  in  the  circuit.  The  work  put 
the  circuit  by  either  machine  is  proportional  to  the 
)raic  summation  of  the  products  of  the  ordinates  of 
cspective  pressure  and  current  waves.  The  total 
done  in  the  circuit  is  equal  to  the  sum  of  the  prod- 
of  the  ordinates  of  the  current  and  resultant  press- 
:urves.     Therefore,  since  the  pressure  wave  of  the 


Fig.  151ft 


ng  machine  is  nearest  the  current  wave,  that  ma- 
furnishes  more  work  to  the  circuit  than  does  the 
ig  machine.  The  power  loops  for  the  two  machines 
nown  by  the  curves  a  and  a!  in  Fig.  151  /',  and  the 
r  delivered  to  the  circuit  by  the  two  machines  is  rep- 
ted  by  the  heights  of  the  lines  .r.r  and  x'x'.  Were 
A'o  machines  rigidly  connected  together,  this  condi- 


A 
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tion  would  continue  indefinitely.  !n  practice,  however, 
the  machines  arc  driven  by  separate  belts  or  attadinl  to 
separate  engines,  and  the  lagging  machine,  being  heavily 
loaded,  tends  to  fall  further  behind  its  more  lightl; 
loaded  mate,  and  a  still  greater  percentage  of  the  load 
is  thrown  upon  it.  At  the  same  time,  as  is  shown  by 
Fig.  IS21J,  ih  tal  work  done  in  the  cxier- 

nal  circuit,  (  ssure  wave  is  now  of  l«s 

height  than  c  component  curves  were 

more  nearly  power  loops  for  the  conJi- 
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tion  of  Fig.  152/1  are  shown  in  Fig.  152  A,  The  heigb 
of  the  line  xx  has  decreased>  and  that  of  x'x'  has  in 
creased,  but  the  sum  of  the  heights  is  less  thai 
before.  The  tendency  of  the  lagging  machine  to  fal 
further  behind  continues  until  the  pressure  waves  d 
the  two  machines  are  exactly  opposed  (Fig.  153). 
machines  are  then  in  stable  equilibrium,  but  are  g 
ing  no  energy  to  the  external  circujt.  If  the  1 
chines  were  started  with  their  pres.sure  waves  in  exa 
tep,  they  would  do  equal  work,  hut  their  equtlibriuij 
ould  be  unstable,  and  any  disturbance  of  their  r 
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IS  would  cause  them  to  fall  into  opposition.     It  is 
refore  not  possible  to  operate  alternators  in  scries 


n  inductive  circuit  unless  they  are  rifjidly  united  by 
cchanical  coupling."     This  result  also  follows  when 


Compare    llopUinwn,  Some  ri.inW  in   Electric   I.i«lilinR,  I'roi.  Inst. 
.,  1883,  and  Theory  of  Alternating  Currents,  Jour.  lasl.  E.  £.,  VoL 


Ihe  normal  pressures  of  the  machines  are  different;  in 
which  case  the  pressure  impressed  on  the  circuit  when 
equilibrium  is  attained  is  the  difference  of  the  machine 
pressures.  If  there  were  no  inductance  or  capacity  in 
the  circuit  on  which  the  machines  were  working,  the 
resultant  pressure  and  current  would  have  the  same 
phase,  and  the  machines  would  be  in  equilibrium,  but 
the  equilibrium  would  be  unstable,  for  after  any  disturb- 
ance of  the  opcra'-^ *■  *■' -hines  they  would  have 


Flff.  163 

no  tendency  to  return  to  their  former  operating  state. 
No  such  case  is  to  be  met  with  in  any  event,  because 
the  armature  windings  of  the  machines  introduce  self- 
induction  and  current  lag  into  the  circuit,  even  when 
the  external  circuit  is  non-inductive.* 

87,   Alternators    in    Parallel.  — When    the    machines 
have  reached  opposition  of  phases,  as  explained  above, 

13,  1S84,  p.  496;  Hdpkinson's  Dynamo  Af.iiAiii/rr,  p.  148;  Kcou'»  .l/j- 
tiitia  Dyname-^ledHquc,  p.  279;  Kapp's  Dynamos,  .Ulernaleri,  titi 
Trani/ermtri,  p.  410;  Thompson's  Dynamo- Ehclric  Mutiiiiiry,  41h  ed, 
p.  689. 

•  The  eonililLon  of  operation  of   iHo  oltetnaton  connecled  m  ter 
on  an  iniluclive  circuit  i>  perhaps  mure  plainly  indicated  by  the  bJloir 
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a  change  in  the  arrangement  of  the  circuit  puts  them 
at  once  in  parallel  and  in  step  for  working  in  the  cir- 
cuit; for,  it  will  be  seen  by  reference  to  Figs.  153  and 
154  that  when  machines  A  and  A'  are  in  opposition,  the 

figure  (Fig.  i),  than  by  the  curves  which  were  used  in  the  preceding 
demonstration,  and  which  follow  those  originally  presented  by  Dr.  John 
Hopkinson,  in  1883  {^Proc.  Inst,  C  E.,  1883;  Jour.  Inst.  K.  E.,  1884). 

Pressure  of  leading  machine  =  OA. 

Pressure  of  lagging  machine  =  OAK 

Kesultant  pressure  in  circuit  =  OR. 

Current  in  circuit  ^  OC. 

Power  given  to  circuit  by  first  machine  ■=.  Oa  Y.  OC. 

Power  given  to  circuit  by  second  machine  =  Oa*  x  OC. 

Total  power  given  to  circuit  =  Or  x  C?C  =  (  Oa  4-  Oa*")  x  OC. 

It  is  evident  from  the  construction  that  as  the  angle  B  increases,  the 
ength  of  OR  decreases,  and  also  that  Oa  decreases ;  but  Oa^  increases  for 


f=rirR 
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\  time  and  then  decreases  at  a  less  rate  than  (9a,  so  that  the  machines  tend 
to  get  farther  apart  in  phase.  When  B  —  90°  —  0  the  length  of  Oa  van- 
ishes, the  first  machine  gives  no  power  to  the  circuit,  and  all  the  power  is 
furnished  by  the  second  machine.  When  B  approaches  more  nearly  90^, 
or  the  machines  are  approaching  opposition,  one  machine  may  actually 
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points  H  and  S  must  at  every  instant  be  of  opposite 
sign,  and  that,  therefore,  the  machines  will  deliver  cur- 
rent through  the  circuit  w,  r»,  m."  The  operation  ot 
alternators   in  parallel  was  first  achieved  by  Wilde  in 


'.,„_. 


Flfr.  154 

l868,t  but  this  work  was  overlooked  during  the  peri^ 
of  development  of  the  continuous-current  dynamo.  -* 
1884  Dr.  John  Hopkinsoi]  showed  by  mathematics^ 
analysis,  in  the  paper  already  referred  to,  the  imprac*^ 
cability  of  working  alternators  in  series  and  the  pr3-' 


run  as  a  motor.  Of  coucse,  when  O^  decreases,  if  the  resistance  of  t*' 
circuit  is  unaltered,  Ihe  current,  OC,  also  decreases,  but  tbe  relative  (»■*' 
puis  and  phases  of  the  machines  are  not  altered  thereby. 

In  case  there  is  a  capacity  in  the  circuit  which  is  sufficient  to  cause  t^ 
current  lo  lead  the  resultant  pressure  by  an  angle  4>  the  condition  is  rrp** 
scnted  by  fig.  2.  In  this  case,  Oa  is  greater  than  Oa',  or  the  lead"''' 
machine  furnishes  the  greatest  amount  of  power,  andlAi  machiHes  li*d  ^ 
tome  togelker  and  run  in  srri/s.  This  is  not  a  practical  condition,  ho*' 
ever,  since  a  capacity  in  a  commercial  alternator  circuit  sufficient  to  grT^ 
the  current  a  lead  is  practically  unknown. 

■  Compare  references  given  above,  and  Fleming's  AUtTKali  Currad 
•mfor„ur.  Vol.  11..  p.  356. 
«e  Pkihiophical  Magaziiti,  Vul.  37,  4th  series,  1869,  p.  54, 


REGULATION    AND  COMBINED   OUTPUT.        329 

ticability  of  working  them  in  parallel.  This  was  done 
^without  a  knowledge  of  Wilde's  earlier  experiments, 
3.nd  it  led  to  some  experiments  which  were  carried  out 
by  Hopkinson  and  Adams  upon  De  Meritens  magneto 
machines.*  These  experiments  fully  bore  out  Hopkin- 
son's  deductions,  but  their  practical  bearing  was  not 
fully  appreciated  until  a  few  years  later,  when  the  trans- 
former system  of  alternating-current  distribution  was 
developed.! 

88.   Synchronizers  and  Synchronizing.  —  Mechanical 
irnperfections  in  engine  governors  and  machine  pulleys 
cause  slight  differences  in  the  speeds  of  machin^es  in- 
tended to  run  at  equal  velocities.     Consequently  it  is 
desirable  to  arrange  some  device  for  determining  the 
foment  a  machine  is  in  synchronism  with  one  with 
^hich  it  is  to  be  thrown  in  parallel.     When  the  alter- 
nators are  to  be  connected  in  parallel,  the  terminals  of 
each  may  be  connected  directly  to  appropriate  'bus  or 
^ain  conductors  through  convenient  indicating  instru- 
nients,  switches,  and  safety  devices.     Before  switching 
a  new  machine  upon  the  'bus  conductors  it  must  be 
brought  to  normal  speed,  and  to  the  pressure  of   the 
other  machines.      Then   at   a   moment  when   it  is  in 
synchronism   and   in   step  with  the  pressure  wave  of 
the  'bus  bars,  it  may  be  switched  into  circuit  without 
causing  a  disturbance  among  the  other  alternators. 

Any  device  for  indicating  the  synchronous  relation  is 
called  a  Synchronizer  or  Phase  Indicator.     Its  simplest 


•  Adams,  Jour,  Inst.  E.  E.^  Vol.  13,  1884,  p.  515. 

t  Compare  Hopkinson,  your.  Inst.  E.  A.,  1S84,  and  Jh'namo  Afai/iin- 
'^y%  P«  *74»  Thompson's  Dynamo- EJeciric  Machinery^  ^\\\  ed.,  p.  696,  etc. 
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form  for  low-pressure  machines  consists  of  one  or 
incandescent  lamps  in  series,  which  are  connected 
Fig.  155.     One  terminal  of  the  alternator  is  corn 
directly  to  a  'bus  conductor,  while  the  other  is  cont 
through  the  lamp.s  to  the  other  'bns.     When  the 
lire   waves   arc   not   in  opposition,   the   lamps  w 
illuminated,  and  at  the  moment  of  opposition  th' 
mination  will  die  out.     If  the  frequencies  of  the 
nator  and  the  circuit  differ  materially,  the   flasl 
illumination  or  "beats"  are  quite  rapid.     As  th 

^ 

^ 

c 

1 
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quencies  approach  synchronism,  the  beats  lengthe 
exactly  as  do  the  beats  of  two  tones  which  are  app 
ing  unison.  The  alternator  should  be  connected 
'bus  bars  at  an  instant  of  no  illumination  dui 
period  when  the  beats  arc  fairly  long.  This  int: 
that  the  pressure  of  the  alternator  is  in  synchr 
with  that  of  the  circuit  and  that  it  is  in  propci 
or  phase.  Continued  illumination  or  darkness  t 
lamps  under  these  circumstances  can  only  occur 
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the  machines  produce  the  same  pressure  and  run  at 
absolutely  the  same  frequencies,  which  is  not  a  practi- 
cal occurrence  unless  the  machines  are  rigidly  connected 
together. 

Since  alternators  are  commonly  built  for  high  press- 
ures, it  is  usual  to  use  a  transformer  with  the  synchronizer 
lamps.  The  primary  circuit  of  this  transformer  may 
be  composed  of  either  one  or  two  windings.     When 
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^^  is  composed  of  one  winding,  one  terminal  of  the 
^^^crnator  is  connected  to  a  'bus  bar  through  it,  the 
^^her  terminal  of  the  alternator  being  connected  di- 
^^ctly  to  the  other  'bus  (Fig.  156).  In  this  case  the 
^*^nip  on  the  secondary  circuit  acts  exactly  as  the  syn- 
chronizer lamps  already  described.     When  the  primary 

• 

'^5  composed  of  two  circuits,  one  is  connected  between 
^'ic  'bus  conductors  and  the  other  between  the  tcrmi- 
^^Is  of  the  alternator  (Fig.  157).  In  this  case  the 
Proper  phase  relation  for  switching  the  alternator  into 
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circuit  may  be  indicated  either  by  darkness  or  b 
tninnlion  of  the  lamps,  depending  upon  the  conni 
of  the  Bynchronizcr  primaries.  This  arrangemt 
advantageous,  since  it  allows  the  use  of  a  doubl 
switch  at  tlic  dynamo,  while  the  previously  des( 


i 


amngrmcnls  Rxjuiro  the  use  of  single-pole  swit 
rhe  l.ittor  .irrsni^-iiioni  may  be  modified  by  usin; 
se;\»r.itv"  Ir.uisf.^niioTS,  ihe  primarA"  <rf  one  being 
ll.v^^^  :->  tho  A!u-n■l.^u^^  anH  that  of  the  other  t 
vijvui;  rho  soo.-n.iirit-s  are  ciMinectcd  togetb 
Si-r^os  wiih  oiH-  .•■:  :«-,■>  Linv-is  iFii:*.  15S  and  159 
the  s<x\M>ii»rios  j»rc  oiinnocicO  directly  in  series. 
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.  158,  darkness  of  the  lamps  indicates  the  instant 
connecting  the  alternator  to  the  *bus  conductors. 
the  secondaries  are  cross-connected,  as  in  Fig.  159, 
ximum  illumination  of  the  lamps  indicates  the  mo- 
^t  when  the  machines  are  in  proper  step.  In  this 
^ntry  the  general  practice  has  been  to  connect  the 
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Pig.  158 

'^^onizer  so  that  darkness  indicates  when  the  ma- 
"^^^  arc  in  step.  This  has  the  evident  advantage 
it  darkness  is  a  condition  which  is  more  readily  dis- 
^guished  than  the  condition  of  maximum  brightness. 
fe  practice,  however,  does  not  seem  to  be  always 
allowed  in  England  and  Europe.* 
In  any  of  these  methods,  the  lamps  may  be  replaced 


•Compare  Fleming's  Alternate  Current  Transformer,  Vol.  II.,  pp.  163 
j62;   Kapp's  Alternating  Currents  of  Electricity,  p.   129;    Gerard's 
i/ij  sur  riUciricitit  3d  ed.,  Vol.  i,  p.  557. 
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by  a  scTKitnc  high   rcstaiance 

pcrcmctcr  or  gaKanonKtcr  which  is  dexMi^tt. 

An  ingcnKiot  device  for  tsc  as  a  qrscfaiM— »  — 
lately  been  lievdoped  by  ibe  GcDcial  ElectiicCaa|tty. 
This  cansUts  of  two  dcctmnacocCs  oodr  wM  in> 


This  cansUts  of  two  dcctmna^DcCs  ._»  ___  ^_ 
wire    cores.      Tbc    windings  at    these  arc     aKmeeud 

respectively  I 
magnet  has 
which    emits 


ami  the  dnnoit.  Each 
nt  it  an  inm  diaplmgni 
las   a    pitch   t!ue   lo  tl< 
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Fig.  159 

frequency  of   the  current  tlnwing  in  the  winding.    I" 
front  of  the  magnets  are  placed  resonators  which  maS" 
nify  the  sound  emitted  by  the  diaphragms.     When  the 
two    tones    are    not    in    exact    harmony,    interference 
uses    beats,    and    the    .•synchronizer    emits    an    inter- 
tent    sound.       If    the    speed    of    the    machines   is 
ught  nearer  and   nearer  to  synchronism,  the   beats 
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>ecomB  less  rapid.  At  exact  synchronism,  the  beats 
lie  out  and  a  clear  tone  results.  The  alternator  may  or 
nay  not  be  in  step  when  the  clear  tone  is  given,  but  it 
nay  be  safely  thrown  into  circuit,  for  the  interaction 
>l  the  current  waves  will  bring  it  Into  proper  phase 
relations.  This  synchronieer  was  designed  for  use  with 
synchronous  motors.  It  cannot  give  satisfaction  with 
ahemators  that  are  furnishing  constant  pressure  current 
for  incandescent  lighting,  since  placing  an  alternator  in 
the  circuit  whilo  it  is  out  of  step  is  likuly  to  momen- 
tarily disturb  the  pressure. 

It  is  entirely  possible  to  do  without  a  synchronizer 
*licii  connecting  alternators  in  parallel,  provided  they 
srcilrivcn  at  approximately  equal  speeds.  In  this  case 
il  the  alternator  is  brought  to  the  proper  pressure  and 
I*  ihen  connected  to  the  'bus  bars,  the  machine  reac- 
'"jns  will  bring  it  into  step.  This  plan  was  practised 
'"  some  extent  in  one  or  two  earlier  American  plants, 
t'l'l  ix  is  vicious  in  its  working.  Throwing  machines 
"niii  the  'bus  bars  under  these  conditions  usually  causes 
-  '-listurbance  in  the  pressure,  and  it  also  doubtless 
■lis  the  armature  of  the  alternator  on  account  of  the 
'  n  torque  impressed  upon  it  to  bring  it  into  step. 
S9.  Usual  Practice  with  Refetence  to  Parallel  Opera- 
^n.  —  Parallel  working  of  alternators  has  not  been  usual 
in  ihis  country  heretofore,  though  it  is  quite  a  common 
practice  in  Europe.  Several  of  the  earlier  American 
plants,  installed  by  the  Westinghouse  Electric  Company, 
Were  arranged  for  parallel  working ;  but  the  plan  was 
qnickly  abandoned  on  account  of  the  machines  dividing 
their  load   unevenly  and  thus  causing  trouble.      This 


tale  cacaii: 

the  Bcccmiy 

and   circittt* 
Docted  tn  anj 
nngenimts  t 
A  cotDTiMm  ar 

pose  is  sbowt 
over  »wilcbc»  are 

feeder  may  be  connected  to  any  aJtemator  in  the  sys-' 

tent.      In   some   of   the   later   arrangements    for  hi^ 

atstJonH,  plugs  and  cords  are  arranged  to  be  used  ia 

combination  with  the  throw-over   switches  (Fig.   i6l)- 

By   these   arrangements    the    feeders   may   be   almost 

instantly  transferred  from  one  alternator  to  another,  so 

that  any  readjustment  of  the  alternator  loads  may  be 

made  without  more  disturbance  than  a  mere  wink  of  the  ' 

lamps.     It  is  evident,  however,  that,  with  this  arrange- 

tnent,  no  feeder  can  be  designed   to  supply  a  district 

demandinR  a  greater  output   than  that  of   the  station 

vcr  unit.     Figure  160  shows  an  arrangement  for  two 

nators  and  four  feeders,  ami  Fig.   i6i  an  arrange- 

for  three  alternators  and  three  feeders.  , 
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90.  Elements  whicb  affect  the  Success  oi  ] 
Operation.  —  On  account  of  the  dcveiopraent  o 
distance  power  transmission  plants  of  great  mag 
in  which  alternating  currents  art;  ust-d,  parallel  « 
of  alternators  seems  likely  to  soon  buconic  com! 
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Fig.  lei 

this  country.  In  such  plants  parallel  working  is 
civc  to  convenience  and  reliability  in  operation. 
permits  a  saving  in  the  cost  of  line  insulation 
high  pressures  are  used,  by  allowing  a  concei 
of  conductors.  Parallel  working  of  alternators 
advantageous  in  large  electric  light  stations,  w 
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may  be  made  conducive  to  convenience,  reliability,  and 
economy  of  operation.  The  subject  is  therefore  one 
of  considerable  interest  to  us.  There  is  a  considera- 
ble disagreement  amongst  builders  of  alternators,  and 
others,  as  to  why  some  types  of  alternators  apparently 
operate  well  in  parallel,  while  other  types  do  not. 
There  is  also  an  apparent  disagreement  as  to  what  con- 
stitutes successful  parallel  operation.  This  is  a  pure 
<luestion  of  practice,  and  we  must  therefore  rely  upon 
results  that  have  been  and  are  being  attained  in  central 
station  work.  Mr.  W.  M.  Mordey  seems  to  have  been 
the  first  to  clearly  point  the  way  to  truth  in  the  case,*  as 
he  was  the  first  to  point  out  categorically  some  of  the 
relations  between  the  continuous-current  dynamo  and 
inotor.f 

The  three  elements  causing  the  greatest  friction  in 
^he  discussion  of  this  subject  are  the  effects  of  fre- 
quency, of  the  form  of  the  pressure  curve,  and  of  self- 
^^duction.  And  it  is  well  in  such  a  discussion  to 
consider  with  particular  attention  these  points:  (i)  the 
tfect  of  frequency  ;  (2)  the  effect  of  armature  induct- 
^ce;  (3)  the  effect  of  the  form  of  the  current  and 
pressure  curves  ;  (4)  the  effect  of  regulation  by  varying 
the  excitation  ;  (5)  uniformity  of  angular  velocity.  None 
of  these  points  have  been  so  thoroughly  investigated  by 
experiment  as  to  be  decided  with  entire  conclusiveness, 
md  the  mathematical  investigations  have  in  many  cases 
)cen  based  upon  erroneous  premises,  and  are  therefore 


•Alternate  Current  Working,  Jour.  Inst.  E.  A\,  Vol.  iS,  p.  5S3. 
\  Philosophical  Mtv^azine^  Vol.  21,   5th  scries,    1886,  p.   20,  and    7'//^ 
^nJon  Electrician^  Vol.  16,  p.  193. 


"ii  II I II  irfij  pirJri  iwii<g  of  abciBators  rcq 
(I)  that  Aef  tfwchanmur  na^y  wlbea  driven  at  < 
«Iud)  tfiScr  hf  >  fiew  per  crai :  (zt  that  tbey  sit 
stintlj  EaH  otB  step  if  tbrowa  mlu  paraQ^j  when  th 
pnctic^f  »j»cfcr— ned,  bnt  sir  out  of  step ;  ( j 
Ibcj  tkoM  tamimim  ta  ofxnlc  in  parallel,  dl<n£ 
loads  pnfnniaaally  nder  the  varying  cnMiitians  i 
vice  ind  *'f*T*'** ;  >ad  (4)  that  tbc  vattlcss  or  sy 
niziiiv  LBiicM  poasi^  betvcen  the  nucbtnes,  but  a 
the  exteraal  ciicmt,  shall  be  small  The  latter  coe 
requires  that  the  app^^nt  watts  passing  into  the 
nal  circuit  shall  be  appreciably  equal  to  tht-  sum 
apparent  watts  delivtred  by  the  intiividual  mat 
it  the  machines  do  not  have  a  strong  inherent  ter 
to  remain  in  step,  they  arc  likely  to  "  secsa' 
"  iiuDi "  ;  that  is,  one  machine  takes  the  lead,  ihc 
behind,  and  after  a  time  again  takes  the  lead,  rep 
this  operation  continually.  When  one  of  the  ma 
is  leading  or  lagging  with  respect  to  its  ma 
de^'elops  during  alternate  portions  of  the  per 
higher  and  a  lower  pressure  than  its  mates.  It  is 
fore  alternately  electrically  driving  and  being  dri 
its  mates.  This  results  in  a  considerable  flow  oi 
less  current  which  interferes  with  regulation,  ovk 
ihc  machines  beyond  the  demands  of  the  exterr 
and  causes  irregular  and  unsatisfactory  wt 

is  not  sufficient  proof  of  the  adaptability  of  al 
for  parnllcl  working  to  show  that  when  two  ma 
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are  belted  to  separate  engines,  one  will  drive  the  other 
as  a  motor  if  the  steam  is  shut  off  one  of  the  engines. 
We  might  equally  say  the  proof  that  shunt-wound  con- 
tinuous-current dynamos  will  work  satisfactorily  in  par- 
allel is  made  when  it  is  shown  that  one  will  continue  to 
run  (as  a  motor)  when  the  steam  is  shut  off  its  engine. 

91.  The  Effect  of  Frequency  on  Parallel  Operation.  — 
The  parallel  operation  of  alternators  was  practised  in 
the  earlier  plants  installed  by  the  Westinghouse  Electric 
Company  in  this  country.  In  this  case  the  frequency 
was  about  133.  The  machines  worked  together  quite 
tell  when  carrying  full  load,  but  when  their  loads 
changed  they  would  not  properly  divide  the  load,  which 
led  to  hunting,  and  consequent  injury  to  the  service 
and  damage  to  the  machines.  At  the  best,  parallel 
working  increased  the  attention  required  at  the  alter- 
nators to  a  great  degree. 

Thomson-Houston  alternators  giving  a  frequency  of 
125  are  worked  in  parallel  with  apparent  satisfaction 
in  London,  England,  St.  Brieux,  France,  and  elsewhere. 
The  classical  experiments  of  Dr.  John  Hopkinson  in 
paralleling  alternators  were  performed  with  De  Meritens 
permanent-magnet   alternators,  giving   a   frequency  of 
about   120.     Of  the  results  obtained  in  these  experi- 
ments. Dr.  Hopkinson  says:    "The  two  machines  for 
Tino  were  driven  from  the  same  countershaft  by  link 
bands,  at  a  speed  of  850  to  900  revolutions  per  minute  ; 
the  pulleys  on  the  countershaft  were  sensibly  equal  in 
diameter,  but  those  on  the  machines  differed  by  rather 
more  than  a  millimeter,  one  being  300,  the  other  299 
millimeters  in  diameter ;   thus  the  machines   had   not. 


alti:rnating  currents. 


H    when  unconnected,  exactly  the  same  speed.     The  pul- 

■  leys  have  since  been  equalized.     The    bands   were  ol 

■  course  put  on  as  slack  as  practicable,  but  no  special 
I  device  for  adjusting  the  tightness  of  the  bands  was 
'        used.     The  experiment  succeeded  perfectly  at  the  very 

first  attempt.     The  two  machines,  being  at  rest,  vck 
coupled  in  scries,  with  a  pilot  incandescent  lamp  across 
the  terminals  ;  the  two  bands  were  then  simultaneously 
thrown   on  ;    for   some   seconds   the   machines  almost 
pulled  up  the  engine.     As  the  speed  began  to  increast, 
the  lamp  lit   up  intermittently,  but   in   a  few  secondi 
more  the  machines  dropped  into  step  together,  and  lb* 
pilot  lamp  lit  up  to  full  brightness  and  became  perfeclij" 
steady,  and  remained  so.     An  arc  lamp  was  then  intro- 
duced,   and   a    perfectly   steady   current    of    over  200 
amperes    drawn    off   without    disturbing   the  harmony. 
The  arc  lamp  being  removed,  a  Siemens  electrodynaf 
momcter  was  introduced  between  the  machines,  and  it 
was  found  that   the  current  passing  was  only 
peres ;  whereas,  if  the  machines  had  been  in  phase  to 
send  the  current  in  the  same  direction,  it  would  have 
been  more  than  ten  times  as  great.     On  throwin! 
the  two  bands  simultaneously,  the  machines  continui 
to  run  by  their  own  momentum,  with  retarded  velocil 
It  was  observed  that  the  current,  instead  of  diminlsbii 
from  diminished  electromotive  force,  steadily  incn 
to  about  50  amperes,  owing  to  the  diminished  electrii 
control  between   the  machines,  and   then   droppti 
zero  as  the  machines  stopped."  • 

•  ■(■hcuty  of  AUemaling  Currents,  yaiir.  /iiif.  F..  £..  Vol.  Ij 
i  DyHamo  Mackintry  and  AltieJ  SubJ/ili,  p.  iys> 
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The  Mordey  alternator  with  a  disc  armature  is 
reported  to  operate  well  in  parallel  at  a  frequency  of 
100.  Mr.  Mordey  says  :  "  With  regard  to  parallel  work- 
ing, I  can  only  say  that  we  find  nothing  in  practice  to 
lead  us  to  suppose  that  reducing  the  rate  (frequency) 
would  improve  the  working.  We  have  no  difficulty  in 
parallel  working  at  100  periods  per  second,  and  there- 
fore cannot  improve  in  this  respect."  The  Mordey 
alternator  is  working  in  parallel  in  a  number  of  English 
and  European  plants  with  apparent  satisfaction.  In 
experimenting  with  these  machines,*  Mr.  Mordey  made 
the  following  tests : 

"(i)  The  alternators  were  run  up  to  full  speed,  and 
each  excited  to  give  20CX)  volts.  When  in  phase,  they 
were  switched  parallel  without  any  external  load,  and 
Hrithout  any  impedance  coils  or  resistance  between 
them.     They  ran  in  parallel  perfectly. 

"  (2)  A  considerable  inductionless  load  was  then  put 
on,  varied,  and  taken  off.  They  ran  equally  well  under 
all  circumstances. 

"  (3)  They  were  uncoupled,  and  then,  the  load  being 
connected  to  the  mains,  they  were  suddenly  and  simul- 
taneously switched  parallel  and  on  to  the  mains  with 
perfect  success. 

"  (4)  One  alternator  was  excited  to  give  1000  tolts, 
the  other  giving  2CXX)  volts.  They  were  then  switched 
parallel,  and  went  into  step  perfectly,  giving  a  terminal 
P.  D.  of  about  1 500  volts.  No  impedance  or  resistance 
was  used  in  this  or  any  other  case.  A  load  was  then 
put  on  without  affecting  their  behavior. 

♦  Alternate  Current  Working,  Jour,  Inst,  E.  E.,  Vol.  18. 
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"(S)  With  one  machine  at  looo  volls,  and  the  othe 
at  2000  volts,  they  were  switched  parallel  when  out  « 
phase,  and  instantly  went  into  step.  A  large  cuirei 
appeared  to  pass  between  them  for  a  fraction  of  a  set 
end,  but  not  nearly  long  enough  to  enable  it  to  bt 
measured  or  to  do  anv  harm. 

"  (6)  Tlr  ritniiing  parallel  while  mv 

was  discon  engine   by   its  belt  bcins 

shifted  frur  wse  pulley.     It  continued 

to  run  as  a  isly.     A  load  of  lamps  *as 

at  the  same  it. 

"(7)  Tin  vcro  then   uncoupled,  and 

excited   up  Lu  .luiaj  Tht:y  were  then   switched 

parallel  when  out  of  phase,  and  without  any  e.vtenwl 
load,  and  went  into  step  instantly. 

"(8)  Whilst  running  as  in  (7),  steam  was  suddenly 
and  entirely  shut  off  one  engine.  The  alternators  ke]* 
in  step  perfectly,  one  acting  as  a  motor,  and  driving  the 
large  engine  and  all  the  heavy  countershafting  and 
belts.  It  was  impossible  to  tell,  except  by  the  top  of 
the  belt  becoming  tight  instead  of  the  bottom,  which 
machine  was  the  motor. 

"To  find  the  power  exerted  by  the  alternator  actin| 
as  a  motor  in  (8),  a  direct-current  motor  was  put  in  its 
place,  and  the  power  required  to  drive  the  engine  am 
shafting  was  found  to  be  20  horse  power." 

The  capacity  of  the  alternators  here  experimenle 
with  was  about  50  horse  power. 

Siemens  alternators,  connected  directly  to  their  ei 
gines,  arc  operated  in  parallel  at  Bristol,  England." 

■  /.ani/iiii  iJii/rii-iiJ  A'/view,  Vul.  34,  p.  374, 
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Ferranti  alternators  with  disc  armatures,  giving  a 
"requency  of  83,  are  worked  together  in  England  and 
Europe.  At  the  Deptford  station,  in  London,  Ferranti 
alternators  of  two  sizes,  625  horse  power  and  1250  horse 
power,  are  worked  parallel,  though  their  normal  pressure 
is  different,  and  the  smaller  machines  are  therefore  con- 
nected up  to  the  circuit  through  a  transformer.* 

Elwell-Parker  alternators,  giving  a  frequency  of  80, 
are  reported  to  work  together  with  some  satisfaction. 
These  machines  are  somewhat  like  the  American  type 
turned  inside  out ;  that  is,  they  have  the  equivalent 
of  a  drum  armature,  which  surrounds  the  revolving 
field  magnets,  t 

In  certain  European  plants  Kapp  alternators  have 
operated  in  parallel.  These  machines  have  ring  arma- 
tures, and  give  a  frequency  of  70. 

Stanley  two-phase  alternators  with  frequencies  of  60 
and  125  are  running  in  parallel  with  perfect  success  in 
this  country. 

The  Gordon  alternators,  which  were  among  the  earli- 
est to  be  used  in  commercial  service,  J  were  shown  to  be 
capable  of  operating  in  parallel.     Of  this,  however,  Mr. 
Gordon  said:  "We  know  that  experiments  have  been 
made  by  coupling  a  number  of  small  alternate-current 
machines  together,  and  at  the  South  Foreland  (Hopkin- 
son*s  experiment)   they  were  successful,  but   that  was 
because  they  were  working  on  arc  lamps.     Many  of  us 
have  tried  them,  and  they  will,  on  trial,  work  together, 

•  Fleming's  Alternate  Current  Transformer^  \kA.  II.,  p.  359. 
t  Fleming's  Alternate  Current  Transformer^  VijI.  II.,  p.  222;    Monlcy, 
Jour.  Inst.  K.  Z:.,Vol.  1 8,  p.  588. 
X  Sec  Gordon's  EUctric  Lighting. 
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no  doubt ;  but  th<7  do  not  work  logcther  till  tbqr  iaie 
run  for  three  or  four  mtautcs ;  ihcy  will  in  thai  M": 
jump,  and  that  jumping  will  take  iDonths  of  life  outt"* 
the  40,000  taraps.  That  aloac  is  rather  a  sctious  iSffi- 
culty  in  coupling  machines  together,  and  I  thinkwcmaj 
take  it  in  practice  —  I  am  not  speaking  about  the  labof*- 
tory,  or  t;xpc  not   couple   machines- 

The  frequc-m  cs  was  from  40  to  50 

Alternator  tures  of  the   Gam  type, 

giving  a  frc  e    frequently  worked  in 

parallel  in  Ei  la  the  plant  at  Rome  it 

has  been  foiii  :rate  Ganz  alternators  oi 

different  sizes  logcmcr.'- 

Steinmctz  has  operated  alternators  of  the  Geneol 
IClectric  Company  in  parallel,  under  the  following  con- 
ditions :  t 

Two  60  K.W.  alternators  with  toothed  armature 
cores,  giving  a  frequency  of  125,  were  experimented] 
upon.  These  were  first  excited  so  as  to  give  » 
pressure  of  1000  volts.  The  machines  were  then 
switched  into  paralIc-1  without  making  any  effort  to 
first  get  them  into  step.  They  quickly  dropped  into 
step,  and  ran  synchronously  with  an  interchange  of 
wattless  current  of  only  four  amperes.  Since  the  nor- 
mal full  load  of  these  machines  was  52  amperes  at 
1150  volts,  this  is  a  remarkably  good  result.  Experi- 
ments were  then  made  to  determine  the  momentary 
rush  of  current  at  the  instant  when  the  machines  were 

•  McininK,  .-Ulrrnaf,  Curr/ul  Transfarmir,  Vol.  II.,  p.  134;   Hedges 
•Hiinfiilal  I-.lKtnc  /.ii.'hliHg  Stalions,  p.  14. 
t  I'aralltl  Rmiiiing  of  Mtcriiaiurs,  Eltitrual  iVerU,  Vol.  aj,  p.  aSj. 
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thrown  together,  under  various  conditions  of  phase. 
To  determine  the  phase  relations,  a  synchronizer  was 
used.  The  machines  were  first  brought  to  equality  of 
pressure  (1000  volts)  and  synchronism,  and  then  approx- 
imately into  step.  They  were  then  switched  together. 
The  momentary  rush  of  current  was  from  .5  to  6  am- 
peres greater  than  the  regular  wattless  synchronizing 
current,  and  depended  in  magnitude  upon  the  care  taken 
to  bring  the  machines  into  exact  step  before  they  were 
thrown  together.  The  machines  were  then  thrown  to- 
gether, when  their  phases  were  180°  from  step,  so  that  the 
niachines  would  act  in  series  on  short-circuit  instead  of  in 
parallel.  When  the  switch  was  closed,  a  large  instanta- 
neous current  passed  through  the  machines  for  a  fraction 
of  a  second,  and  the  machines  came  at  once  into  step. 

Mr.  Steinmetz  then  made  experiments  upon  the  action 
of  the  machines  when  thrown  in  parallel  with  their 
voltages  different.  The  results  are  given  in  the  follow- 
ing^ table  and  the  accompanying  figure  (Fig.  162) : 


/4   Machine 

fi.  Machine 

A  —  B 

Resultant 

Synchronizing 

1 

Phasing 

Pressure. 

Pre.ssure. 

I^ressure. 

Current. 

Current. 

ICXX> 

1000 

0 

996 

4.0 

2.0 

1 100 

900 

200 

1000 

6.5 

•5 

1200 

800 

400 

1000 

13.0 

30 

I3CX) 

700 

600 

1000 

18.0 

4.0 

I4cx> 

600 

800 

1026 

24.0 

6.0 

1500 

500 

1000 

lOIO 

28.0 

6.0 

l(i(X> 

400 

1200 

1040 

390 

30 

IJfJO 

300 

1400 

1046 

44.0 

3-0 

1800 

200 

1600 

1060 

50.0 

6.0 

1900 

100 

1800 

1066 

56.5 

5-5 

2000 

0 

2000 

1075  ±70 

62.0 

lO.O 
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The  meaning  of  the  first  four  columns  is  evident  from 
the  headinf^s,  the  fifth  gives  the  synchronizing  current 
necessary  to  hold  the  machines  in  step,  and  the  sixth  the 
additional  current  that  flows  between  the  machines  (or 
an  instant  when  they  are  first   thrown  together  and  are 
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the  two  machines  became  1900  volts,  the  resultant 
pressure  began  to  be  unsteady.  When  the  difference 
was  2000  volts,  the  resultant  pressure  varied  70  volts 
on  either  side  of  1075.  The  irregularity  of  the  curve  of 
phasing  current  may  be  due  to  the  differences  in  the 
relative  phases  of  the  machines  at  the  instants  when 
they  were  thrown  together. 


REGULATION   AND  COMBINED   OUTPUT.        349 

In  discussing  these  experiments  Mr.  Steinmetz  says : 
*  AVe  may  discard  all  the  usual  theoretical  statements 
*n  parallel  working  relating  to  the  effect  of  frequency, 
elf-induction,  etc.,  as  wholly  disproved  by  experience. 
-  .  With  regard  to  frequency,  I  investigated  the 
►arallel  working  of  alternators  at  a  frequency  as  high 
s  125  cycles,  and  at  a  frequency  as  low  as  25  cycles 
>er  second,  and  found  no  difference  whatever ;  and  at 
he  high  frequency,  as  well  as  at  very  low  frequency, 
iiachines  properly  designed  for  these  frequencies  work 
perfectly  in  synchronism." 

From  all  the  evidence  thus  presented,  it  may  reason- 
ably be  concluded  that  frequency,  within  the  limits  of 
common  practice,  is  not  an  clement  affecting  the  suc- 
:ess  of  parallel  working  of  alternators.  This  is  in 
ull  accord  with  the  deductions  of  Mordey  and  Stein- 
Qetz.* 

92.  The  Effect  of  Armature  Inductance  on  Parallel 
•peration.  —  Successful  parallel  operation  of  alternators 
epends  upon  their  holding  each  other  in  synchronism 
nd  step,  even  when  the  prime  movers  do  not  naturally 
ynchronize.  The  effort  of  the  machines  to  do  this  is  the 
Hfidamental  cause  for  the  fiozv  of  a  ivattless  synchronize 
>tg  current.     The  total  synchronizing  current   flowing 


•  Compare  Mordey,  Alternate  Current  Working,  Jour.  lust.  E.  /?., 
ol.  18,  p.  591;  Snell,  The  Distribution  of  Power  by  Alternate-Current 
loturs,  Jour.  Inst.  E.  E.y  Vol.  22,  p.  280;  Mordey,  Testing  and  Work- 
ig  Alternators,  Jour.  Inst.  E.  E.^  Vol.  22,  p.  116;  Mordey,  On  Parallel 
Vorking  with  special  reference  to  Long  Lines,  your.  Inst.  E.  E.y  Vol.  23; 
'orbes.  Electrical  Transmission  of  Power  from  Niagara  Falls,  Jour.  Inst. 
I.  E.,  Vol.  22,  p.  484;  and  the  discussions  on  these  j)apcrs;  also  Stein- 
leti.  Parallel  Running  of  Alternators,  Electrical  WorlJ^  Vol.  23,  p.  285; 
^  E.  L.  Brown,  Jour.  Inst.  E.  E.,  Vol.  22,  p.  600. 


^5"  .\i-ii;knating  cukk];:."is 

between  a  machine  and  the  station  'bus  bars  may  be 
resolved  into  two  components,  one  in  phase  witii  the 
pressure  which  causes  the  synchronizing  current  to 
flow,  and  the  other  lagging  90°  behind  the  pressure. 
The  former  is  usually  quite  small.  Thus  suppose  in 
Fig.  163  that  b  is  the  curve  of  pressure  of  a  machine, 
and  a  the  curve  for  the  station  'bus  bars.  As  «  ami 
b  are  slighlly  out  of  opposition,  there  will  be  .i  re- 
sultant pressure  "  *""■*'•'■•'  *-  set  up  a  cross  or  sctir* 
current.     This  considered  as  made  up 

of  a  component  vith  q,   and  of   another 

component  /(,  i  ith  q,  the  former  licing 

the  active,  and  itlless  component.    The 

component  j  ha  t  upon  both  a  and  dilut- 

ing a  complete  t  can  have  no  effect  in 

tending  to  draw  nto  phase  with  the  'bus 

bar  pressure  ;  but  the  component  k,  which  is 

dependent  upon  the  self-inauctance  of  the  series  cir- 
cuit, must,  from  its  position,  cawse  a  motor  action  on 
the  lagging  machine  (/'),  and  a  corresponding  genera- 
tor action  on  the  leadiiig  machines  connected  to  the 
'bus  bars;  and  it  thus  tends  to  draw  the  machines  into 
synchronism  (Sect.  86),  for  it  will  be  noticed  by  refer- 
ence to  the  figure  that  w  is  in  phase  with  »«  and  in 
opposition  to  n,  and  that  »«  and  n  arc  respectively  the 
components  of  a  and  b,  which  are  in  opposition,  and 
therefore  working  on  the  parallel  circuit.  If  the  ma- 
chine, b,  led  the  'bus  bar  curve,  then  the  synchronizing! 
current  would  retard  instead  cif  assisting  it,  as  the! 
figure  plainly  shows.  The  effect  of  the  synchronizing} 
current   in   dragging  the  machines  into   step  depends 
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upon  its  [oj^mtude  and  relative  phase,  while  its  magni- 
ttidc  depends:  (i)  upan  the  algetxaic  sum,  oi,  what  is 
the  same  thing,  the  anthmctical  difference  between  the 
instantaneous  prc&surc  at  the  'bus  bars  and  the  instan- 
taneous pressure  de^'clopcd  by  the  inacbine;  <3)  upon 
the  reciprocal  ot  the  impedance  of  the  machine  anna- 
ture.     In  oi  istant^neous  syncbiDDiiliig  i 

current   floi  y   one   machine   whidi  it 

ciiniieclcc)  I 

where  (-.  .in<i  ntancous  pressures  of  the 

'Itus  bars  ant!  anum^.v.,  which  are  always  of  opp* 

site  sign  and  equal  when  the  machines  arc  in  exacl  syn-l 
chronism  and  stc-p,  and  A',  and  Z,.  are  respectively  ihi: 
resistance  and  the  inductance  of  the  armature  circuit 
including  the  leads  from  the  'bus  bars.  It  is  here 
assumed  that  the  effective  pressure  at  the  'bus  hart 
and  that  developed  by  the  machine  are  equal,  which  i* 
an  essential  condition  for  the  synchronizing  current  t* 
be  practically  wattless,  and  is  the  condition  in  whick 
the  machines  are  run  in  practice.  Now  .suppose  tw 
pressure  curve  of  the  machine  under  consideration  It 
lag  behind  the  phase  of  the  pressure  curve  at  th< 
'bus  bars  by  ^n  angle  0.  Let  the  effective  values  d 
these  pressures  be  E,  and  the  corresponding  maximun 
pressure  be  r„.  At  any  moment  the  instantaneou 
pressures  arc  c,  and  Cj,  and 

''a  =  <"»  sin  a  =  Vi  E  sin  a, 
.,  ■--- ,-,  sin  {a  +  I  So°  -  ^)  =  Vi  £  sin  (a  +  180°  -  /S). 
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he  instantaneous  pressure  causing  a  synchronizing 
arrent  to  flow  is  the  algebraic  sum  of  these,  or 

r,  4-  rj  =  V2  ^  [sin  a  -f  sin  (a  -f  180°  —  /9)]. 

:  is  evident  from  the  figure  (Fig.  163)  that  this  is  a 
laximum  when  c^  and  r»  arc  equal  and  of  similar  signs, 
I  which  case  a  =  i]  )8.  Then  the  maximum  value  of 
ic  pressure  causing  a  synchronizing  current  is  found 
y  substituting  this  value  of  a  in  the  expression  for 
,  -f  ^fc,  and  {i\  +  t\)^  =  2  V2  E  sin  .]  /9. 

The  effective  value  of  the  pressure  is  then  2  E  sin  ^  /8, 
ind  the  synchronizing  current  is 

^^       2iisinj^ 

Por  smooth  and  successful  working  in  parallel,  C,  must 
Jecome  sufficiently  great,  in  case  tlie  machines  tend  to 
[et  out  of  stcj),  to  pull  the  machines  together  before  /S 
>ecomcs  of  appreciable  magnitude.  Hence  it  is  ncces- 
ar\'  that  the  denominator  in  the  expression  for  C,  be  as 
mall  as  possible.  In  other  words,  armature  impedance 
lust  be  as  small  as  possible.  Figure  163  shows  plainly 
lat  the  pressure  {Oij)  causing  C,  is  behind  the  phase  of 
le  machine  pressure  by  an  angle  90*^  —  .1^.     The  syn- 

ironizing  current  (C,  =  Oc)  lags  behind  the  pressure  by 

2  irff 
I  angle   </>,    {(jOc)y    the    tangent    of    which    is  -—/"•. 

^nsequcntly  the  synchronizing  current  is  out  of  phase 
ith  the  machine  pressure  by  an  angle  of  go°  -f  {(f),  — \0). 
current  (wattless)  which  has  a  phase  difference  of 
kD°  or  0°  compared  with  the  pressure  of  a  machine  has 
c  strongest  effect  in  bringing  the  machine  into  step. 

2  A 


i 
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This  effect  is  to  retard  or  accelerate  the  refractory  ma- 
chine depending  on  whether  the  phase  difference  is 
0°  or  iSo°,  which  in  turn  depends  upon  whether  the 
machine  is  leading  or  trailing.  The  action  in  case  of  a 
leading  m.iijhine  would  be  represented  by  the  lefl-liand 
half  of  Fig.  163  if  it  were  reversed. 

The  wattle:  "^)  of   the  synchroniziiij; 

current  just  fc 

in*., 
and  therefore, 


c= 


and,  with  a  fixed  value  of  R^  this  will  have  a  maximum 
value  when 

R^  =  2Tr/L,  or  when  tan^.  =  1  and  ^,  =  45 
The  maximum  possible  value  of  C^  is  therefore 

^  2E  siu  I  8 

and  the  corresponding  value  of  C.,  the  total  synchronic 
ing  current,  is  ,-   - 


The  limits  in  the  value  of  A",  are  fixed  by  considera- 
tions of  economy  in  construction  and  of  efficiency, 
the  frequency  is  fixed  by  conditions  of  operation ;  i, 
is  therefore  the  only  independent  variable  in  the  pri 
ceding  equations.     In  order  to  have  the  most  scnsiti 
mutual   control,   the   self-inductance   of    the   armat) 
circuit,  which  at  its  least  value  is  always  many  tin 
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larger  than  — ^,  must  be  as  small  as  possible.      If  it 

27rf 

were  possible  to  reduce  the  reactance  to  the  value  of 
the  resistance,  the  jerking  of  a  refractory  alternator  into 
phase  would  probably  be  too  severe  for  good  working, 
but  in  commercial  machines  such  trouble  is  not  likely  to 
exist  on  account  of  the  unavoidable  magnitude  of  the 
self-inductance,  which  cannot  be  reduced  beyond  certain 
limits.  The  correctness  of  the  formulas  thus  deduced 
has  not  been  studied  experimentally,  but  it  might  be 
readily  investigated  with  the  aid  of  Bedell's  ingenious 
phase  indicator.*  f 

♦  Bedell,  Trans.  Amer,  Inst.  E,  E.^  Vol.  11,  p.  502. 

t  Diagrams  i  and  2  given  herewith,  which  are  similar  in  plan  to  those 
ghren  in  the  footnote  on  page  326,  show  the  conditions  of  synchronizing 
very  well.  Figure  i  applies  to  an  alternator  which  lags  behind  its  proper 
phase,  and  Fig.  2  to  one  which  leads. 


Fig.  a 


OA  represents  the  'bus  bar  pressure  in  phase  and  magnitude. 
OB  represents  the  machine  pressure  in  phase  and  magnitude. 
OR  represents  the  resultant,  or  synchronizing,  pressure  in  phase  and 
magnitude. 
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Tbe  list  of  examples  of  parallel  worlnng  (So 
tains  machines  having  armatures  ot  very  diffe 
ances  and  inductances.  The  Westinghoose, 
Houston,  and  Elwell- Parker  machines  have  Si 
armature  cores  and  fairly  low  armature  indud 
resistances.  The  armature  inductance  of  tl 
and  Ferranti  machines  is  probably  soraewh 
though  entirely  comparable  with  these  vali 
Kapp  machines,  and  the  General  Electric 
with  which  Stcinractz  experimented,  have  mu 
armature  inductances,  and  the  armatures  of  tl 
inductor  machines  probably  have  inductance 
mediate  values.  All  these  machines  have  bi 
to  run  in  parallel  with  similar  machines  with 
faction,    while   Mordcy,    Steinmctz,  and    Sta 

Oe  repicKnti  the  synch  run  izing   cuTtenl  in  phase  and  m: 

Ou  represents  its  wiltlcss,  or  phasing,  component. 

fi  ii  the  angle  hy  which  Ihe  machine  differs  from  its  pn 
parallel  working,  OB'. 

ip,  ii  the  angle  lOs  by  which  the  synchioniilng  cuner 
Ihc  resultant  pressure. 

'I'he  rigures  show  [ilainly  that  as  p  increases  OK  jncrcu 
same  lime  tV  and  Ou  increase.  The  product  OB  x  O 
jiro[>orliunal  to  the  synch  run  iiing  torque  exerted  on  the  r 
negative  in  Kig.  1  iiid  piisilive  in  Fig.  2,  su  that  the  torqu. 
(it  maehini  and  aadiratn  it  in  one  lase,  and  it  is  exerttd  • 
and  retard!  it  in  the  ether  t,ne.  Fur  any  given  value  <if  fJ,  1 
maximum  when  Ou  X  0/1  isa  mnimuni,  which  occurs  nhi 
or  #,  =  4S".  In  1  1000  V..11  50  K.W.  machine  giving  a  ft. 
and  having  a  resistance  in  llic  armature  circuit  of  .5  ohm 

smaller  than  Ihe  smallest  value  which  is  conimerciall; 
fl'e  tif  allcrnatiir. 

II  iiisjicclion  of  the  figures  shows  lliat  if  tlie  synchruniii 
sultaiit  pressure  there  would  Ite  no  tendency  Tot  the  nu 
larallel  with  the  'hus  bats. 
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xperimentally  shown  that  Mordey  disc  armature  ma- 
hines,  the  General  Electric  ironclad  armature  machines, 
nd  Stanley  toothed  armature  inductor  two-phase  ma- 
hines  will  run  parallel  with  machines  of  their  own  type 
nth  excellent  results.  On  the  other  hand,  Gordon  has 
aid  that  his  machines  did  not  come  into  step  well 
page  345),  and  Hopkinson's  experiments  show  that 
)e  Meritens  machines  take  an  excessive  synchroniz- 
ng  current.  The  armatures  of  both  the  Gordon  and 
)e  Meritens  alternators  have  an  excessive  resistance 
nd  self-inductance  as  compared  with  good  machines 
f  the  present  day,*  and  their  actions  fully  agree  \jrith 
he  indications  of  the  formulas  already  given. 

We  are  therefore  entirely  justified  in  drawing  the 
onclusion  that  in  machines  intended  for  parallel  work- 
ig  both  armature  resistance  and  inductance  should  be 
mall,  but  that  within  the  range  of  resistances  and 
iductances  to  be  found  in  modern  commercial  machinos 
f  economical  design  the  armature  inductance  is  too 
nail  to  have  a  detrimental  effect  upon  parallel  work- 
g  though  it  is  much  too  large  to  give  a  maximum  syn- 
ironizing  torque,  which  in  fact  may  be  an  advantage, 

it    saves  the  machines  from  being  torn  to  pieces. 
>me  types  of  modern  alternators  of   less  economical 
sign  may  have  too  much  armature  self-inductance  to 
erate  perfectly  in  parallel. 
These  deductions  are  strengthened  by  the  experimen- 

results  gained  by  Mordey  and  Stcinmetz.     In  dis- 
ssing  his  experiments  already  summarized  (page  343) 


*  Oordon's  Electric  Lightings  pp.  156,  162;    London  EUctriiiant  Vol. 

p.  5«- 
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Mordey  says  :  "  It  may  be  pointed  out  that  these  teits 
were  made  under  the  most  exacting  and  onerous  condi- 
tions that  could  possibly  be  imposed,  and  particularly  f 
would  point  out  that  on  account  of  the  very  great 
monicntuni  of  the  revolving  masses  nothing  but  the 
strongest  and  most  instantaneous  motor  action  coiiW 
have  kept  the  machines  in  place.  There  never  was  a 
single  case  when  they  got  out  of  steii,  even  momentartiv 
or  when  subjected  to  sudden  and  violent  variations  of 
load.  When  it  is  considered  that  in  order  to  serwc 
this  result,  it  was  imperative  that  the  control  of  all  thai 
mass  should  be  exerted  in  a  fraction  of  j-Jg  of  a  sKornl 
(the  periodicity  being  lOo),  it  will  be  recognized  that 
there  was  no  time  to  be  lost,  and  that  the  use  of  ^J 
self-induction  or  resistance,  or  of  anything  else  tlut 
could  in  any  way  choke,  retard,  check,  or  interfere  wit*' 
the  strength  and  instantaneity  of  the  action,  was  above  I 
all  things  to  be  avoided.  1 

"1  should  mention  that  the  machines  apparently  I 
synchronized  equally  well  at  speeds  varying  very  eon' 
siderably. 

"As  to  the  self-induction  of  the  machine  itself,  that 
is  quite  negligible.  Its  characteristic  (Fig.  164)  is 
nearly  straight,  about  half  the  drop  in  the  curve  being 
due  to  resistance  and  half  to  self-induction,"  • 

Steinmetz  says  in  regard  to  his  experiments:  "The 
self-induction  of  machines  within  the  limits  met  in  well* 
designed  alternators  has  nothing  to  do  with  the  success 
of  synchronous  running,  and  I  had  three  phasers  ol 
very   low   armature   self-induction   running   in   parallel 

^  •  loHJ^n  El^clrician,  Vol.  23,  p.  66. 
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h  each  other  and  ironclad  (imbedded  armatures)  sin- 
-phasers  of  high  armature  self-induction."  * 
The  comparatively  high  self-inductance   of   ironclad 
irnator  armatures  has   proved   advantageous  in   an- 
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er  direction,  that  of  saving  the  machine  from  the 
naging  effects  of  sharp  short-circuits.  A  sharp 
rt-circuit  upon  a  machine  with  a  disc  armature  is 
jly  to  cause  an  enormous  momentary  rush  of  current 

*  Electrical  World,  Vol.  23,  p.  285. 
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which  may  damage  or  destroy  the  armature,  while  the 
higher  self-inductance  of  the  ironclad  armature  chokes 
down  the  current  to  a  considerable  extent.  This  ([ual- 
ity  of  the  ironclad  alternator  is  an  advantage  in  power 
transmission  plants  or  small  elettric  light  plants,  where 
little  stress  is  laid  upon  exact  regulation,  and  the  sta- 
tion and  lines  for.  In  large  and  well- 
operated  elect  i,  the  injurious  effect  oi 
self-inductanct  ation  of  the  pressure  is 
of  preponderat  and  since  it  is  of  the 


utmost  moment  that  alternators  used  in  large  electric 
light  stations  shall  have  the  least  possible  defect  in 
regulation,  the  alternator  with  large  self- inductance  is 
not  so  well  adapted  to  this  service  (Sects.  6j  and  74). 

93.    Effect  of  the  Form  of  the  Pressure  Curve  aad 
of  Armature  Reactions  on  Parallel  Operation.  —  Little 


Kl.i:l   1    \  Ml  i\    A.\[>    I  '  iMIliM.!  1    (  II'  ri'l    I  ^',| 

experimental  evidence  is  available  bearing  upon  this 
question.  The  able  designer,  C.  E.  L.  Brown,  states 
that  he  has  operated  his  own  alternators  with  smooch 
iron  armature  cores  in  parallel  with  Ganz  alternators 
which  have  the  usual  pole-type  armatures.*  The  former 
machines  give  a  pressure  curve  which  approximates  a 
sinusoid,  while  the  curve  given  by  the  latter  is  quite 
irregular  and  peaked  (Fig.  r6s).  Mr.  Steinmetz  has 
operated  machines  with  smooth  iron  armature  cores  in 


piK.  lae 


parallel  with  others  having  toothed  cores,  t  It  is  not  re- 
lated how  far  the  pressure  curves  of  these  machines  dif- 
fered, but  probably  some  differences  existed.  These 
statements  seem  to  show  that  machines  with  diffcri'nt 
pressure  curves  can  be  run  together  satisfactorily,  but 
they  undoubtedly  require  a  considerably  increased  c\- 
change  of  current  as  compared  with  the  synchronizing 
current  of  machines  which  give  curves  which  are  exactly 


•  7o«r.  /ast.  E.  E.,  V,4.  ;.■,  ].,  (kjo, 
t  EttUrical  ll'.-rlJ,  Vol.  2J,  p.  2$$. 
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alike.  For,  since  the  unlike  curves  cannot  coincide  even 
when  the  machines  are  in  exact  synchronism,  a  currenf 
of  more  or  less  irregular  form  must  be  exchanged  by 
the  machines,  ami  is  therefore  superposed  upson  the  true 
synchronizing  current.  This  superposed  current  may 
have  a  very  different  frcaucncy  from  that  of  the  ma- 
chines (Fig.  icessarily  wattless. 

94,    The  I  Operation  of   Regulation 

by  Varsring  -Suppose  that  a  Gro\t's 

and  a  Daniel  strutted  that  their  inter 


Pig.  167 

nal  resistances  are  equal.  Their  pressures  may  be 
assumed  to  he  approximately  i.g  and  i.i  voits,  1' 
these  cells  are  connected  in  parallel  {I-'ig.  167)  to  a 
circuit,  the  pressure  impressed  upon  the  circuit  is  t!ie 
mean  of  the  pressure  developed  by  the  cells,  or  l.S 
volts.  This  is  brought  about  as  follows :  The  Daniell 
cell  serves  as  a  shunt  across  the  terminals  of  the  Grove 
cell,  so  that  current  from  the  Grove  cell  has  two  paths, 
one  through  the  external  circuit  and  one  backwards 
through  the  Daniell  cell.     Sufficient  current  will  flow 
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rough  the  latter  to  equalize  the  pressure  at  the  ter- 
inals  by  means  of  the  fall  of  pressure  over  the  internal 
sistances  of  the  cells.  If  the  external  circuit  is  open, 
current  will  flow  through  the  cells  which  is  sufficient 
cause  a  loss  of  pressure  in  each  cell  of  .4  of  a  volt, 
le  pressure  at  the  terminals  of  the  Grove  cell  is  then 
)  — .4=  1.5,  and  at  the  terminals  of  the  Daniell  cell 

I  -f  .4=  1.5.  Suppose  the  external  circuit  is  closed 
d  demands  enough  current  to  cause  a  pressure  loss  in 
e  Grove  cell  of  .2  of  a  volt.  Then  sufficient  addi- 
)nal  current  will  flow  through  the  circuit  of  the  cells 

make  the  terminal   pressure    1.7  — .3=14  and   i.i 

.3=  1.4.     From  an  extension  of  this  reasoning  it  is 

en  that  a  current  flows  backwards  through  the  Daniell 

II  under  all  conditions  of  the  circuit  until  sufficient 
irrent  is  demanded  by  the  external  circuit  to  make 
»e  pressure  loss  in  the  Grove  cell  .8  of  a  volt.  Then 
^c  Daniell  cell  is  exactly  balanced,  and  will  furnish 
^^If  of  any  additional  current  demanded  by  the  external 
^f'cuit. 

The  same  condition  of  affairs  exists  when  continuous- 
urrent  dynamos  operate  in  parallel.  If  their  pressures 
re  not  exactly  equal,  the  'bus  bar  pressure  will  be  a 
tiean  value.  The  machine  of  lower  pressure  will  sup- 
*'y  sufficiently  less  current  so  that  an  equalization  of 
ressure  comes  about  through  changes  in  the  loss  of 
rcssure  due  to  the  resistances  of  the  armature  circuits 
fid  the  effects  of  armature  reactions.  If  the  low- 
'cssure  machine  falls  behind  too  much,  the  current 
rough  its  armature  will  be  reversed  (Vol.  I.,  p.  231). 
ic  inequality  of  load  can  be  readily  perceived  in  the 
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case  of  cimttonoas-carrent  dynuBos  bj  cbstna^  the 
atnpcTcmcten. 

to  the  case  <rf  aber&aton,  sunOar  coodttions  eiist- 
For  illialration  we  will  assuou:  the  machines  to  give 
sine  pressure  cur*-e»  whitJi  are  in  syndurooism  sttA 
■tcp.  If  the  machines  eive  equal  pressures,  tbc;<rill 
feet!  the  cxtc  ly  if  they  an:  of  the  aiw 

capacity,  or  g  bey  arv  of  uneiital  apic- 

iticf.     If  oni  is  coonvcted  tu  coDstanl< 

pn.*HiiFc  'liiu  cssurc  which  is  t>Ni  low. 

it  will   tKit  fi  n(  current  to  the  circull. 

The  prt_'Hiiure  is  equalized  throoKh  the 

infiufncc  of  tnt  .^suit  ses  caused  by  the  imiK- 
dances  of  the  various  armature  circuits.  If  the  press- 
ure- of  the  machine  becomes  much  lower  than  that  ni 
the  'hus  bars,  a  reverse  current  will  6ow  through  the 
machine,  and  it  will  run  as  a  motor.  This  is  not  shown 
by  the  amperemeter,  as  in  the  case  of  continuous-cur- 
rent machines.  It  may  be  observed,  however,  by  alli-T- 
inn  tl"^  excitation.  If  the  machine  is  doing  its  work 
properly,  decreasing  the  excitation  will  decrease  its 
apparent  output  to  a  minimum,  after  which  furlhtr 
decrease  in  the  cxi:itation  causes  an  increase  in  the 
apparent  output,  The  machine  is  then  receiving  more 
energy  from  the  'bus  bars  than  it  returns.  In  ordct, 
then,  that  machines  working  in  parallel  may  be  relied 
upon  to  contribute  energy  to  the  external  circuit,  it  is 
necessiiry  thai  they  be  so  sufficiently  excited  that  an 
'ncrcase  in  the  excitation  will  cause  an  increase 

|).iii-nl   i)iit|iiil.     'I'liis,   of  course,   is  exactly  what  is 
le  with  cunliiiiioiis-riinent  dynamos,  using  the  indi- 
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It  ions  of  the  amperemeter  as  a  guide,  but  in  the  case 
:  alternators,  the  amperemeters,  alone,  fail  to  show 
hat  the  machines  are  really  doing.  This  is  partly  on 
ccount  of  their  inability  to  indicate  the  direction  of 
he  transfer  of  energy  in  an  alternating  circuit,  and 
►artly  on  account  of  the  masking  effect  of  a  wattless 
•urrent ;  but  if  direct-reading  wattmeters  are  used  in 
>lace  of  amperemeters  in  the  circuits  of  the  alternators, 
•he  indications  of  these  instruments  may  be  used  as  a 
?ui(Ie  in  handling  the  machines  when  in  parallel,  exactly 
is  the  indications  of  amperemeters  are  used  as  a  guide 
for  handling  continuou.s-current  dynamos  which  are  con- 
fiected  in  parallel. 

When  two  alternators  of  unequal  pressure  are  con- 
nected together,  there  is  quite  a  curious  result.  The 
-erminal  pressure  is  a  mean  between  the  machine 
Pressures  and  the  machines  run  toilet  her  without  a 
iangcreus  exehaui^e  of  current*  The  instantaneous 
•'alue  of  the  current  exchanged  by  the  two  machines 
it  any  moment,  on  the  supposition  that  the  machines 
re  in  step  and  that  the  pressure  curves  are  sinusoids, 
> 

V2  FJ  sin  a  —  V2  FJ^  sin  a  _  \/2(FJ  —  F'')  sin  a  . 

1(1  its  effective  value  is 

FJ  -  FJ^ 

icre  /s'  and  /i""  are  the  effective  pressures  developed 

♦  Mordey's  and  Stcinmetz's  Experiments,  Section  91. 
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by  the  two  machines,  and  R  and  /,  arc  the  rcsisUnci; 
and  inductance  of  the  two  armature  circuits  taken 
in  series.  Take  two  50  K.W.  alternators  designed  to 
give  50  amperes  at  1000  volts  with  a  frequency  of  i:;- 
assuming  the  armature  ri:sislance  and  inductance  of 
each  to  be  ivsnertivelv  .Ai  ohm  and  .015  henry.  Then 
if   the  two  1  iwn  in   parallel  with  one 

excited    to  and    the    other   without 

excitation,   t  inged   amounts   to  iibuHi 

42  amperes,  lan  the  full  load  of  tbe 

machines  ;  w  ted  machine  be  connectcii 

to  'bus  bars  1  the  current  sent  through 

its  arinatiire  on  m,  ^5  amperes.     The  current 

that  would  be  e):changed  under  similar  conditions  by 
continuous-current  machines  would  be  over  1100  am- 
peres, which  would  immediately  ruin  the  machines- 
The  difference  in  the  two  results  is  due  to  the  indut 
live  effects  of  the  alternating  current.  If  the  tm 
alternators  have  a  considerable  armature  reaction,  the 
difference  is  likely  to  be  still  more  marked,  since  arrai* 
turc  reactir)ns  tend  to  weaken  an  alternator's  field  when 
running  as  a  generator,  and  strengthen  it  when  running 
as  a  motor  (Sect.  70). 

95.  The  Effect  of  Irregular  Angular  Velocity  on  Par- 
allel Operation. — The  angular  velocity  of  the  steam 
engines,  which  ate  ordinarily  used  for  driving  dynamos, 
is  by  no  means  uniform  throughout  the  stroke,  though 
the  strokes  may  be  entirely  isochronous.  Curves  show- 
ing the  inst.xntancous  crank  velocities  taken  from  en- 
<;ines  of  well-known  types  are  often  quite  irregular.     If 

ternators  are  driven  from  separate  engines,  this 


s  irr^ 
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larity  of  angular  velocity  may  be  the  cause  of  more  or 
ess  difficulty  in  parallel  working,  and  some  machines 
nay  work  quite  satisfactorily  in  parallel  when  driven 
rom  the  same  countershaft  or  from  separate  turbines 
which  give  a  uniform  angular  velocity),  when  they  will 
lot  do  so  if  driven  by  separate  engines. 

96.  Final  Conclusions  on  Parallel  Operation. —  i.  There 
s  no  difficulty  in  operating  alternators  of  good  commer- 
cial design  in  parallel. 

2.  Within  the  limits  of  practice  frequency  does  not 
Materially  affect  parallel  working. 

3.  This  being  accepted,  smooth  parallel  working  re- 
Juires  that  the  armature  impedance  be  reduced  to  a 
Minimum  (Sect.  92).  Armature  resistance  must  de- 
^nd  upon  considerations  of  economy. 

4.  Machines  with  excessively  large  armature  induct- 
iiice  will  run  in  parallel,  but  are  likely  to  "  hunt." 

5.  Machines  with  pressure  curves  of  quite  different 
orms  will  run  together  in  parallel,  but  with  a  contin- 
ous  interchange  of  current,  the  magnitude  of  which 
epends  upon  the  value  of  the  armature  impedances 
nd  the  relative  form  of  the  pressure  curves. 

6.  The  dynamo  amperemeters  which  are  ordinarily 
sed  should  be  replaced,  or  reinforced,  when  machines 
•e  run  in  parallel,  by  direct  reading  wattmeters.  The 
ccitation  of  the  machines  may  then  be  adjusted  so  that 
e  wattmeters  show  a  proper  division  of  the  load.  In 
at  case  amperemeters  in  the  dynamo  circuits  should 
ow  an  approximately  similar  division  of  the  current. 
7.  If  the  excitation  of  the  machines  is  properly  ad- 
sted   the  sum  of  the  readings  of  the  machine  watt- 
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meters  will  equal  the  reading  of  a  main  wattmeter  in 
the  main  circuit  of  the  'bus  bars,  and  the  sum  of  the 
readings  of  the  machine  amperemeters  will  be  a  little 
greater  than  the  reading  of  the  main  amperemeter  (the 
di£ferencc  being  twice  the  value  of  synchronizing  cur- 
rent exchanged  s). 

8.  The  effei  ;  makes  such  an  over- 
whelming part  e  of  even  the  best  com- 
mercial machin  riously  excessive  ciirrt-tii 
is  not  likely  ti  a  machine  even  when 
switched  onto  t  itirely  unexcitcd.  (This 
is  true  to  a  ma  machines  with  ironclad 
armatures.) 

9.  Parallel  working  is  likely  to  be  more  successful 
wlien  the  alternators  are  driven  from  the  same  engine 
or  counter  shaft,  or  when  the  prime  movers  are  tur- 
bines. 

These  conclusions  are  based  upon  the  operati 
alternators  which  are  driven    by  self-regulating   prime 
movers ;  that  is,  the  driving  power  transmitted   to  the 
alternators  is  automatically  adjusted  to  the  demands  at 
the  machines,  and  they  are  driven  at  a  uniform  speed 
regardless  of  their  load.     This  is  in  accord  with  the 
usual   American    practice   in    operating   dynamos. 
England  it  is  apparently  common  to  work  alternati 
from   engines  that   are  not   self-regulating   and    whic 
furnish  a  fixed  amount  of   power  when   running  sj 
rhronously  nnless  the  position  of  the  throttle  valve 

tercd.* 

'  Ktpp'i   OjfiinxiM,  .ttlii-ntit'iri,  iinJ  Tniits/frmfrs,   p.  jq*)-,    SiH 

urn  MMiw  /'9Wtr,  ]i,  x^l. 
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If  composite-wound  alternators  are  to  be  operated  in 
parallel,  it  is  necessary  to  use  an  equalizing  connection, 
exactly  as  in  compound-wound  continuous-current  ma- 
chines, to  equalize  the  effects  of  the  compounding 
(Vol.   I.,  p.  23;). 
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97.  Geaen  —The  genen)  definUiflM 

ol  cfBcienciei  -eadjr  been  explained  wiui 

regard  to  continuous-currc..  machines,  are  appticabK 
to  alternators  (Vol.  I.,  p.  244).  The  principal  caosei 
of  loss  in  alternators  are  the  same  as  those  in  contin- 
uous-current machines;  but  on  account  of  increase* 
frequencies,  the  effects  of  foucault  currents  and  hys- 
teresis arc  intensified.  On  this  account  particular  c»rt 
is  required  in  selecting  aiid  annealing  the  iron  for  the 
armature  core,  and  in  insulating  the  armature 
from  each  other.  Advantage  should  also  be  taken  « 
every  opportunity  for  ventilation.  The  magnetic  density 
in  alternator  armature  cores  is  made  considerably  lesi 
than  in  continuous-current  armatures,  as  already 
plained  (Sect,  61).  The  following  table  of  satisfactoi^ 
densities  is  given  by  Snell.*  The  inductions,  whid 
arc  given  in  lines  of  force  per  square  centimeter  ani 
per  square  inch,  may  be  assumed  as  fair  guides  i<* 
proper  judgment  in  designing. 

•  Eltilrii  Moiivi  Pawtr,  p.  175. 
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TABLE  OF  ARMATURE  INDUCTIONS  SUITABLE  FOR 

VARIOUS  FREQUENCIES. 


Frequencies. 

B  (per  sq.  cm.). 

B  (per  sq.  in.)* 

50 

5000-6200 

32,000-40,000 

60 

4650-5000 

30,000-32,000 

70 

4350-4650 

28,000-30,000 

80 

4000-4350 

26,000-28,000 

90 

3700-4000 

24,000-26,000 

100 

3500-3700 

22,500-24,000 

1 10 

3250-3500 

21,000-22,500 

120 

3000-3250 

19,500-21,000 

>30 

2800-3000 

18,000-19,500 

As  already  stated,  the  values  of  armature  inductions 
en  in  this  table  serve  excellently  as  a  guide  in  de- 
ning,  but  they  are  frequently  exceeded  in  practice. 
;s  no  uncommon  thing  to  find  inductions  as  great  as 

0  to  7000  in  alternator  armatures,  giving  a  frequency 
125  or  more.  Snell's  table  is  apparently  modelled 
;r  a  table  presented  by  Kolben  in  an  article  upon 
^phase  induction  motors,  and  which  gives  the  range 
nductions  to  be  used  in  such  machines.  Kolben's 
e  is  given  in  Section  177. 

B.  Methods  of  Testing  Alternators.  —  The  experi- 
ital  determination  of  the  efficiency  of  alternators 
'  be  made  by  methods  quite  analogous  to  those  used 

1  continuous-current  machines  (Vol.  I.,  p.  255).  How- 
-,  instead  of  voltmeters  and  amperemeters  for  meas- 
g  electrical  energy,  wattmeters  must  be  used  (Fig. 
I,  unless  the  load  is  entirely  non-reactive.      In  case 
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a  transmission  dynamometer  is  used  to  measure  the 
power  absorbed  by  an  alternator,  the  commercial  effi- 
ciency is  equal  to  the  electrical  output,  determined  from 
the  readings  of  a  wattmeter,  divided  by  the  pow^^ 
shown  by  the  dynamometer  readings,  if  the  machine  is 
self-excited.  If  the  machine  is  separately  excited,  ('^'^  ' 
energy  supj  measured  by  ampcremeic^  | 

and  voltmet  cr,  must  be  added  to  the 

power  read!  ne  friction  may  be  det<=^' 

mined  from  r  readings  when  the  »»' 

chine  is  rui  inexcited  and  the  extern*^ 

circuit   opei,  >s   due   to   hysteresis  afl* 

foucault  cun  iturc  core  and  conductor* 

may  be  appro*. .i.utely  dett....ined  from  the  dynamotn^ 
ter  readings  when  the  machine  is  operated  with  its  fielJ 
separately  excited  and  the  external  circuit  open,  and  tt* 
total  loss  may  be  approximately  separated  into  its  con" 
ponent  parts  by  proceeding  in  an  entirely  analogous  w3- 
to  that  given  for  continuous-current  machines  (Vol.  I 
p.  253,  First  MfHiod).  The  C^R  losses  in  fields  as*' 
armature  may  be  readily  computed.  If  the  machine  ^ 
self-excited  by  a  rectified  current,  the  field  current  wil" 
be  less  than  that  calculated  from  the  pressure  aD" 
resistance.  In  that  case  it  is  advisable  to  use  an  alter- 
nating-current amperemeter,  such  as  an  electrodyna- 
niometer,  to  determine  the  effective  current.  From  this, 
the  C^R  loss  may  be  computed  if  the  field  resistance  is 
known.  Or,  the  field  loss  may  be  directly  determined 
by  a  wattmeter  in  the  field  circuit. 

The  following  methods  are  especially  adapted  to  shop 
;sting  and  determining  the  efficiency  of  an  alternator. 
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Modification  of  Hopkinsons  Method.  It  is  desir- 
avoid  the  use  of  a  power  dynamometer,  and  with 
view  a  modification  of  Hop- 
s  method  of  testing  (Vol. 
6)  may  be  made  (Fig.  169). 
jual  alternators  are  rigidly 

together  in  proper  step 
dlel  working.  Their  arma- 
"e  electrically  connected  to- 
with  a  wattmeter  and  an 
lynamometer  in  the  circuit. 
Ids  being  properly  excited 
'parate  exciter,  so  that  one 
e  will  act  as  a  generator 
:  other  as  motor,  the  system 

driven  by  supplying  suffi- 
)ower  to  make  up  the  ma- 
osses.  Assuming  the  arm- 
nd  stray  losses  of  the  two 
cs  to  be  equal,  and  repre- 
:  the  wattmeter  reading  by  JF,  the  power  sup- 
y^  P,  and  the  resistance  of  the  connections  by  A\; 
e  efficiency  of  the  generator  is 


Fig.  108 


W 


V  = 


c^K^  is  the  field  loss  of  the  generator.  If  the 
es  are  self-exciting,  the  power  in  the  field  circuits 
•e  measured  and  proper  allowance  made.  The 
supplied  to  make  up  the  losses  may  be  measured 
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by  a  tratisniission  dynamometer,  or  a  "rated"  eoauii- 
uous-curreiit  motor  may  be  used  to  supply  the  power. 
In  the  latter  case,  if  the  efficiency  of  the  motw  i* 
known,  the  power  may  be  determined  by  measuring  the 

watts  siip]ilied  to  the  motor  by  amperemeter  and  volt- 
meter.    Or,  the  losst-'S  of  the  motor  may  be  detennined 


rnnmnnr^— 


3 


by  the  stray  power  method,  and  being  properly  deductet' 
from  the  readings  of  power  absorbed  by  it  when  driv 
ing  the  alternators,  the  value  of  P  is  obtained  with 
icient  approximation.  The  three-machine  method 
[ht  be  directly  applied,  but  difficulties  due  to  syn- 
inizing  aro  likely  to  appear. 
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2.   By  Rated  Motor.     Where  approximate  determina- 
ons  of  the  various  losses  of  conversion  and  of   the 
>mmercial  efficiency  are  sufficient,  the  alternator  tested 
lay  be  driven  directly  from  a  '*  rated  "  continuous-cur- 
£nt  motor.     By  means  of  amperemeter  and  voltmeter 
Ke  power  supplied  to  the  motor  may  be  determined 
nth  the  alternator  operated  under  such  various  condi- 
ions  as  may  be  necessary  to  determine  the  losses.      By 
oading  the   alternator   and    simultaneously  measuring 
its  output  and  the  power  absorbed  by  the  motor,  the 
efficiency  of  the  alternator  may  be  determined  with  suffi- 
cient accuracy  for  ordinary  purposes.     In  each  case  the 
power  supplied  to  the  alternator  is  equal  to  the  power 
absorbed  by  the  motor  multiplied  by  the  efficiency  of 
the  motor   given    in    per   cent.     The    motor    may  be 
rated  by  determining  its  efficiency  by  the  stray  power 
method.     If  the  motor   efficiency  for  various  loads  is 
determined  by  some  exact  method  (Vol.  I.,  p.  255),  the 
power  transmitted  to  the  alternator  may  be  determined 
^ith  considerable   exactness.     When    it    is  desired  to 
carry  the  accuracy  of  this  method  of  testing  beyond  a 
fairly  good    approximation,   the    efficiency   at    various 
Wds  of  the  rated  motor  should  be  plotted,  so  that  the 
efficiency  at  any  load  may  be  readily  read  off. 

3.  Mordeys  Method.  A  neat  arrangement  for  testing 
a  single  alternator  by  a  method  akin  to  Hopkinson^s 
method  has  been  devised  by  Mr.  Mordcy.*  It  is  to  be 
remembered  that  the  Mordey  alternator  has  a  stationary 
irmature,  the  individual  coils  of  which  may  be  con- 
lected  in  any  desired  combination  with  perfect  facility. 

*  Testing  and  Working  Alternators,  ^ottr.  Inst.  E.  /s.,  Vol.  22,  p.  116. 
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Such  an  armature  may  lie  divided  into  two  parts  «tw 
are  connected  in  such  a  way  as  to  oppose  each  Otlwr 
(Fig.  170).  If  one  part  gives  a  somewhat  higher  press- 
ure than  tlie  other,  the  first  part  will  operate  as  a  gM- 
eratur  ;iiici  the  second  as  a  motor  if  the  alternator  tf 
driven  in  the  usual  manner.  By  properly  adjusting  itit 
diffcri'TH't-  I  .urcs  of  the  two  parts,  tt^ 

current  flo  ine  may  be  caused  to  hav 


Fig.  170  a 


any  desired  value.  The  efficiency  of  the  machine 
gained  l)y  measuring  the  power  absorbed  by  the  ir 
chine  operating  as  a  self-contained  motor-generator  ai 
measuring  its  output  by  a  wattmeter ;  the  pressure  ci 
of  the  wattmeter  being  connected  across  the  terminj 
of  the  motor  and  generator  coils,  and  the  series  ci 
being  connected  directly  in  the  circuit.  The  pow' 
thus  measured  by  the  wattmeter  is  evidently  about  on 
half  of  the  total  energy  of  tlie  machine;  consequent 
e  corrected  efficiency  is 


i':i'i-'i<  "ii:ncii-:s. 
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2  W^P^c^R, 


Here  P  is  the  power  supplie.d  to  the  machine.  The 
difference  in  the  pressure  developed  in  the  parts  of 
the  machine  which  is  necessary  to  cause  the  desired 
current  to  circulate  may  be  caused  by  an  unsymmet- 
rical  division  of  the  armature  (Fig.  170a),  or  by  supply- 
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ing  a  little  additional  pressure  to  the  generator  side  by 

means  of  a  transformer.     The  latter  may  be  supplied 

from  another  alternator  operating  in  synchronism  with 

the   machine  under  test,  or  it  may  be  supplied  directly 

from  the  test  machine  (Fig.  lyob).     The  transformer  is 

likely,  however,  to  introduce  uncertain  elements  of  loss. 

4.    Ayrtons  Method.     As   pointed  out   by  Professor 

Ayrton,*  this  arrangement  may  be  modified  so  as  to 

apply  to  alternators  with  rotating  armatures.     In  this 

case  opposite  halves  of  the  fields  are  magnetized  in  oppo- 


Jour,  Inst.  E.  E.y  Vol.  22,  p.  136. 


: :  n  of  chc  hoka  «<  Skc 
«l  aaj  dcHTc^  viJae  nvf  be  c^aed  a»  d 

■wuvFcd  tosH-s  '4  the  miriiiaB  vhea  i 
iovtng  wiD  be  pncxkaOjr  e^al  to  these 
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chine  is  optTating  normally  on  the  same  current,  pro- 

vitlcti  wc  miiy  assume  that  the  losses  in  an  alternator  are 

appreciably  equal  when  driven  as  a  generator  and  as  a 

motor,      This   assumption   seems   entirely    reasonable. 

>c   nrrannemint   here  deseribed  is   not  applicable  to 

•hincs   with    armatures   with    the  halves   wound    in 

llcl,  since  niider  the  test  conditions  an  amperemeter 
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Connected  between  the  terminals  of  such  an  armature 
V^ould  not  indicate  the  current  circulating  in  the  arma- 
ture coils. 

5.  Motor-Generator  Method.  —  Mordey  has  also  sug- 
gested the  following  purely  electrical  method  of  testing 
'alternators  which  have  stationary  armatures.*  The 
machine  being  properly  excited,  one-half  of  the  arma- 
ture is  connected  as  a  generator  to  an  external  load,  R 
(Fig.   172).     The  other  half    of    the  armature  is  con- 
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nected  to  another  alternator  and  driven  as  a  synchro- 
nous motor.  The  total  losses  under  these  conditions 
are  evidently  equal  to  the  power  absorbed  by  the  motor 
half  of  the  armature  plus  the  exciting  energy  and  minus 
the  output  of  the  generator  half  of  the  armature  ;  that 
is,  W^  4-  C^Rf  —  IVg,  where  W^  and  W^  are  respec- 
tively the  power  absorbed  by  the  motor  and  the  out- 
put  of  the  generator.      Since  the  output,    J^,  is  the 
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output  of  only  half  tbc  armature,  bat  tbe  losses  thus 
drtermincd  are  tliosc  of  tbe  whole  machine,  tbc  losses 
will  be  the  same  when  tbc  machioc  U  nin  as  a  gen- 
erator with  an  output  al  2  11'^  provided  gcuCTator 
losses  and  motor  losses  are  tbe  same.  Tbe  effidcacj 
of  the  machir*- • — -s  tbervfore 
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Aiiothrr  somewhat  similar  plan  is  to  divide  the  station- 
;iry  annaUuc  into  three  divisions  which  are  connected  in 
scrio-s.  Two  of  these  arc  made  equal  and  arc  connected 
in  opposition.  The  third  consists  of  only  a  small  portion 
of  the  armature.  The  machine  is  electrically  connected 
lo  annthiT  alternator  and  operated  as  a  synchronous 
motor  under  the  influence  of  the  small  armature  divis- 
(Fi;;-  173)-  Hy  it  proper  choice  of  the  number  of 
composing  the  small  division  any  desired  current 


■^ay  be  sent  through  the  machine  to  be  tested.  The 
^ergy  given  to  the  machine  represents  the  tosses  in 
the  machine  when  operated  as  a  generator  and  produc- 
ing the  same  current  with  the  same  excitation.  This 
method  is  also  applicable  to  determining  the  losses  in 
machines  with  revolving  armatures  the  coils  of  which 
are  all  connected  in  series.     In  this  case  the  fields  are 
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excited  with  the  poles  on  one-half  reversed  (Fig.  174), 
one-half  of  the  field  being  slightly  stronger  than  the 
other.  If  the  armature  is  connected  to  that  of  another 
alternator,  it  will  run  as  a  motor.  The  instantaneous 
counter  electric  pressure  of  the  machine  under  test 
depends  upon  the  relative  strength  of  thu  two  halves 
of  the  field,  and   by  adjusting;  this,  with  due  reference 
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Bay  be  girva  aaj  6aind  nlae. 
tiow  the  Intl  in  tbe  bSt 
power  itModied. 

ff.  Shor  1Mb.  —  Wkcs,  in  cilfacT  of  Ac  cun  n!» 
tioocd  hcrctofiore,  ibe  opoatiaB  of  aa  altcmalor  ii  t 
motor  »  prcdkalcd.  it  is  assoBKd  cttbcr  thai  Ute  Utf 
machtntr  U  brought  to  syocftinmisn)  wiib  tbe  ahcnauig 
SOttrcc,  or  that  the  pnmaiy  geneialor  is  started  frmt ) 
state  "f  rest  in  which  case  the  test  nuchtnc  viU  nut 
and  run  with  it 

Tbc»c  methods  ot  testing  arc  not  only  con^'ctueni is 
determining  the  losses  and  the  efficiency  of  an  altcrnatO'i 
but  the  tests,  according  tu  several  of  the  methods,  u* 
made  with  the  consumption  of  comparatively  little  powc- 
This  makes  the  methods  satisfactor)-  for  use  in  shop  lesl* 
for  determining  the  reliability  in  operation  and  the  beat- 
ing limits  of  machines.  Mordey  has  suggested  that  ihc 
efficiency  of  an  alternator  with  stationary  armature  may 
be  determined  from  a  test  of  one  armature  coil,  but  Ihti 
is  only  approximate  and  cannot  serve  as  a  satisfacIoTy  ^ 
shop  test  which  requires  a  test  of  the  complete  machine. 

100.  Wattmeters  on  High  Pressure  Circuits.  —  In , 
using  wattmeters  where  high  pressures  are  met,  coiK 
siderable  difficulty  is  found  in  arranging  a  satisfactory; 
ron-iiiductive  resistance  for  the  pressure  coil.  This 
difficulty  may  be  readily  overcome  by  a  plan  suggested 
by  Dr.  J.  A.  P'leming,*  and  which  was  successfully  used 
in   testing    high-pressure   alternators   at    the    Chicago 

JeuT.  Insl.  E.  E.,  Vol.  22,  p.  991  Lendtn  EUdriiian,  Vd.  30,  p.  455. 
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^  Fair.  Instead  of  connecting  the  pressure  coil 
watlmeter  across  the  terminals  of  the  test  circuit, 
■Jmary  of  a  transformer 
onnected,  and  the  prcss- 
h1  of  the  wattmeter  is 
Bed  to  the  secondary 
transformer  (Fig.  175). 
:onstant  of  the  watt- 
is  then  dependent  upon 
itio  of  transformation  n 
transformer,  which  may  g 
idlly  measured.  This 
d  gives  entirely  reliable 
1^  since  the  phases  of 
liinary  and  secondary 
pes  of  a  very  lightly 
(transformer  are  almost 
|r  180"  apart.  If  the 
fcter  constant  be  deter- 
without  the  trans- 
k  its  constant  when  in 
Ith  the  transformer  must  be 
i{  transformation. 

[Variation  of  Efficiency,  Weight,  and  Cost,  with 
t —  In  general,  it  is  safe  to  say  that  the  efficiency 
Uternator  should  be  very  nearly  the  same  as  that 
pmtinuous-current  machine  of  the  same  size  and 
The  electrical  losses  in  the 
should  differ  but  little,  and  the 
i  held  to  an  appreciable  equality 
■■proper  magnetic  densities  in  alternators,  and  by 


i 


multiplied    by  the 
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proper  construction.  The  curve  showing  the  relation 
of  commercial  efficiency  to  output,  given  in  Fig.  127  of 
Vol.  I.  (reproduced  in  Fig.  17S).  may  therefore  be  taken 
to  fairly  represent  alternator  efficiencies.  For  capaci- 
ties greater  than  100  K.VV..  the  efficiency  increases  at 
a  very  slow  rate  towards  a  limit  of  about  95  percent. 
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The  great  Westinghouse  alternators  of  looo  horse  poffef 
capacity,  which  were  tested  at  the  World's  Fair  at  Chi- 
cago,  showed  a  commercial  efficiency  of  upwards  of  9° 
per  cent.  The  reported  efficiency  of  various  alternators 
of  a  capacity  of  about  200  K.W.,  varies  between  93  pC 
cent  and  95  per  cent.  The  efficiencies  of  continuoofr 
current  machines  of  great  capacity  are  shown  by  test 
9  be  about  the  same. 
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The  economic  curve  for  alternators  is  quite  similar  in 
rm  to  those  given  for  continuous-current  machines 
ol.  I.,  p.  268).  Figure  177  gives  the  experimentally 
termined  curve  for  an  alternator  of  several  hundred 
lowatts  output. 
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The  relation  between  weight  and  output,  which  has 
Iready  been  discussed  in  reference  to  continuous- 
Hrrent  dynamos  (Vol.  I.,  p.  262),  holds  equally  for 
'tcrnators,  as  does  also  the  relation  between  output 
id  cost.      Well-designed  continuous-current  machines 

a  greater  capacity  than  10  K.W.  weigh  between  75 
id  200  pounds  per  kilowatt,  depending  upon  the  type 

machine,  the  material  of  which  the  magnetic  circuit 
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is  composed,  the  capacity  of  the  machine,  and  the  usfl 
for  which  it  is  designed.  Practically  the  same  may  be 
said  of  well-designed  single-phase  alternators.  Thi 
almost  universal  use  of  toothed  cores  in  alternators  at 
the  latest  design  has  decreased  their  weight  as  cote 
pared  with  continuous-current  machines  having  smoot; 
cores.     But  ed  cores  in  the  armatures 
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of  continuous-current   machines   makes   an   equal   m 
provement  in  them. 

If  the  entire  surface  of  alternator  armatures  could 
effectively  covered  with  wire,  as  in  continuous-curr^: 
machines,  the  high  allowable  periphery  speeds  and  otT> 
conditions  already  discussed  (compare  Sect.  6)  wou' 
give  them  a  largely  increased  output  per  unit  of  weight 
It  has  already  been  shown  that  this  cannot  be  done  fw 
machines  with  armatures  of  one  circuit.  It  is  possibly 
however,  to  wind  the  armatures  with  two  circuits,  which 
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together  entirely  fill  the  surface,  each  circuit  occupying 
one-half  the  winding  space,  as  in  single-circuit  machines, 
the  coils  being  arranged  alternately.  The  pressure 
^ivaves  of  two  circuits  thus  arranged  have  a  phase  dififer- 
cnce  of  90°  (Fig.  179).  It  is  also  possible  to  economically 
fill  the  winding  space  with  three  sets  of  independent 
and  overlapping  coils,  which  are  connected  in  three  in- 
^iependent  circuits  (Fig.  178).  In  this  case  the  press- 
ure waves  of  the  different  circuits  follow  each  other 
'^ith  a  phase  difiference  of  120°  (Fig.  180). 

Alternators  which  produce  a  single  pressure  wave 
are  called  Single-phase  Hachinesi  or  Single-phasers. 
Those  that  produce  more  than  one  pressure  wave  are 
called  Poly-  or  Multi-phase  Machines,  or  Poly-  or  Multi- 
Phasers.  These  are  divided,  according  to  the  number 
^f  circuits,  into  Two-phasers,  Three-phasers,  etc. 

The  conditions  at  present  existing  in  the  construc- 
tion of  polyphase  machines  enable  them  to  be  built  at 
^  considerable  reduction  of  cost  and  weight  per  unit  of 
^^tput  as  compared  with  single-phasers  and  continuous- 
current  machines.  There  is,  however,  a  marked  ten- 
dency toward  a  reduction  in  the  speeds  and  frequencies 
^f  such  machines,  and  towards  increase  in  the  solidity 
^f  their  construction.  The  result  of  this  is  to  increase 
^he  comparative  cost  of  the  machines  per  unit  of  output 
^ntil  they  are  approximately  on  a  level  with  the  best 
Continuous-current  dynamos. 

102.  Armature  Reactions  of  Poly-phasers.  —  The 
Armature  reactions  in  poly-phase  generators  is  materi- 
ally different  from  that  in  single-phase  generators. 
Thus,  referring  to  Fig.  89,  it  is  remembered  that  when 
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tbc  current  of  a  stngle-phaser  is  to  {dtuc  villi  flie 
pressure,  magoeuun  is  cnnrded  into  tbc  tiai&iig  pole 
tips  at  each  time  of  maaiiniiiii  current,  and  resmncs 
its  initial  position  when  the  cumait  faOs  to  zero.  !■ 
tbc  ca&c  ot  poly-phase  machines,  tn  which  the  wiit, 
in  effect,  covers  the  entire  surtacc  of  the  annatnn^ 
there  is  a  sheet  of  current  at  all  times  under  the  fatts 
of  the  p<i]e  pieces,  and  aa  this  sheet  of  current  seU 
up  a  nearly  constant   magnetizing  force,  the  skevitig 


of  the  magnetic  field,  due  to  armature  cross-turns, 
practically   constant.      The  effect   of   back-turns    in 
single-phase  machine  having  a  ring  armature  is  rep"^ 
scntcd  in  Fig.  iSia,  two  coils,  a,  a,  being  shown.     T~ 
ordinatcB   of  the   curve  d  represent    the   magnetizi  ' 
effect  of  the  armature  coils  which  aids  or  opposes  t ' 
field  magnetization  when  the  centres  of   the  coils  ^^ 

■differL-nt  ix)sitions  corresponding  to  the  ordinat*^^ 
■i  current  of  constant  strength  is  passed  throug'' 
^^  This  magnetizing  effect  or  activity  must  evi- 
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Lently  be  zero  when  the  centres  of  the  coils  are 
lirectly  under  the  poles.  E  is  the  pressure  curve  of 
itie  machine,  and  c  the  current  curve  in  phase  with 
the  pressure.  By  combining  the  current  curve  with  the 
curve  of  activity,  the  actual  effect  of  the  alternating 
current  in  the  armature  coils  may  be  obtained,  as  is 
shown  by  curve  k.     It  is  seen  that  the  sum  of  the  posi- 
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c  ^*>.d  negative  effects  is  zero,  but  that  they  have  a 
riod  i  ^jjI  disturbing  effect  upon  the  field. 
I^  "^lie  same  manner  it  is  shown  in  Fig.  i8i^,  that 
the  current  lags  behind  or  leads  the  pressure,  one 
>op  ^^f  the  curve  k^  is  greater,  and  the  fields  are 
jenodically  either  weakened  or  strengthened. 
Inttig^^gg  of  a  two-phase  alternator,  a  second  curve 
tea^ctiQ^  exactly  similar  to  k  and  one-fourth  the  pitch, 
9^  >  from  ky  may  be  drawn  like  the  heavy  lines  in 
r^6*^8irto  represent  the  action  of  the  second  set  of 
kus,  and  the  magnetizing  effect  of  the  two  phases  is 
,-|Med  together  and  the  skewing  effect  becomes  nearly 


39- 


ALTEUNATlNt;  CUURKNTS. 


^ 


uniform  when  the  armature  current  and  pressure  ar 
phase.  Similarly,  when  the  current  lags  or  leads,  tl 
is  a  constant  weakening  or  strengthening  of  the  fit 
as  shown  in  Fig.  jHi  c,  where  the  ordinates  of  the 
^'  represent  this  effect.     In  case  ihe  current  leads, 


■■■aiKSIK^ 


fields  will  be  strengthened.  By  the  same  proct 
may  be  shown  that  the  armature  reactions*  in  any 
phase  machine  is  practically  constant  and  is  grea 


•  Ossiin  Chrylne 
p.  450. 
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its  effect  than  in  a  single-phase  machine.     In  machines 

havinfj  lar^e  armature  reactions  this  may  limit  the 
output  of  poly-phascrs,  but  in  those  with  small  arma- 
ture reactions  poly-phase  armatures  have  much  greater 
capacity  than  sinjjle-phasers. 

102 17,  Connecting  up  Poly-phase  Armatures.  —  The 
connecting  up  of  two-pha.se  armatures  is  very  simple. 
If  the  armature  is  wound  with  independent  concentrated 
c^oils,  each  coil  may  be  connected  to  its  individual  col- 
lector rings,  in  which  case  four  rings  arc  required  and 
the  two  circuits  are  entirely  independent ;  or,  one  ter- 
minal of  each  coil  may  be  connected  to  a  common  col- 
'ector  ring  and  the  other  terminals  to  independent  rings, 
in  which  case  but  three  rings  are  required  and  the  cir- 
cuits have  a  common  point.  If  the  armature  has  a  con- 
tinuous-current or  closed-circuit  distributed  winding, 
such  as  is  treated  in  Section  5,  it  may  be  made  into  a 
Wo-phaser  by  connecting  collector  rings  to  the  wind- 
ings at  the  ends  of  two  diameters  which  are  90°  apart, 
if  the  machine  is  bipolar;  if  the  machine  is  multipolar, 
the  connections  must  be  made  as  described  in  Section 
1I9I.  Four  rings  are  necessary  in  this  case,  as  the  use 
W  a  common  ring  would  cause  the  permanent  short- 
circuiting  of  one-quarter  of  the  armature.  A  continu- 
ous-current armature  converted  into  a  polyphaser  (of 
any  number  of  phases)  in  this  manner  has  a  capacity 
nrhen  used  as  a  poly-phase  alternator  which  is  equal  to 
Its  continuous-current  capacity,  though  it  has  already 
been  shown  that  its  capacity  as  a  single-phaser  is  only 
(even-tenths  as  great  as  its  continuous-current  capacity 
(Sect.  5). 


394  ALTERNATING  CURRENTS.  ^^H 

The  manner  of  connecting  three-phase  armatures  is 
not  so  immediately  evident,  but  is  perfectly  simple.  It 
is  illustrated  in  Figs.  lySi  and  i?Sc.  Three  collect- 
ing rings  are  universally  used,  and  if  the  armatun:  is 
wound  with  three  independent  coils,  these  may  be  con- 
nected tn  tb**  rincru  in  ,>lth.'T  of  two  ways  :  (i)one  end  of 
each  of  the  a  common  point,  ami  the 

other  ends  it   rings ;   or,   {2)  the  coil 

terminals   r  i   together   two  and  two, , 

forming  as  i\  connections  be  carried  tB  > 

the  collcctc  se  points.     The  latter  ar- 

rangement  '  terminate  at  both  ends  in 

a  collector  ri  ana,  sincu  here  are  six  coil  ends  and 
three  rings,  each  ring  is  connected  with  two  coil  tennl-' 
rals.  These  two  arrangements  are  illustrated  respec- 
tively in  Figs.  178^  and  178  c,  each  of  which  shows  the 
winding  diagrammaticatly  as  developed  and  as  pro- 
jected. The  following  considerations  make  it  perfectly 
easy  to  connect  the  coils  in  the  proper  order  :  Fig.  180 
shows  that  when  the  current  in  one  coil  is  at  its  maxi- 
mum point,  the  currents  in  the  other  two  are  equal  to 
each  other  and  opposite  to  the  direction  of  the  first; 
then,  considering  the  instant  at  which  the  conductors-rf 
one  coil  (such  as  C  in  the  figure)  are  directly  under  the 
(Kiks,  if  wc  connect  its  positive  end  to  the  common  01 
Neutral  Point,  the  negative  ends  of  the  other  two  coil' 
must  be  connected  to  the  same  point.  Each  of  the  frtt 
terminals  may  then  be  connected  to  one  of  the  collecto 
rings,  and  the  connection  is  completed  according  to  thi 
first  or  Star  arrangement  (Fig.  178*).  To  make  the  sec 
id  or  Mesh  arrangement,  the  coils  must  be  connectei 
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so  that,  at  the  instant  considered,  the  current  flows  by 
two  paths  through  the  armature  from  the  negative  to  the 
positive  terminal  of  the  first  coil  (coil  C  of  the  figure). 
Consequently  the  negative  terminals  of  the  first  and  sec- 
ond coils  go  to  one  collector  ring,  the  positive  terminals 
of  the  first  and  third  coils  to  another  ring,  and  the  free 
terminals  of  the  second  and  third  coils  to  the  third  ring 
(Fig.  178  r). 

If  the  armature  has  a  closed-circuit  or  distributed 
winding,  the  connection  is  very  simple,  as  the  rings  are 
connected  to  points  in  the  windings  120°  apart.  If  the 
i&achine  is  multipolar,  it  must  be  remembered  that  one 
cycle,  or  360  electrical  degrees,  is  comprised  within  the 
^ace  of  twice  the  polar  pitch.  This  is  more  fully 
treated  in  Section  191. 

In  a  three-phase  machine,  if  the  armature  is  mesh- 

oonnected,  the  pressure  between  any  two  collector  rings 

is  equal  to  the  pressure  developed  in  one  coil,  while  the 

current  leaving  a  brush  is  the  vector  sum  of  the  current 

in  two  coils ;  and,  if  the  armature  is  star  connected,  the 

pressure  between  the  rings  is  equal  to  the  vector  sum 

of  the  pressure  developed  in  two  coils,  while  the  current 

leaving  a  brush  is  equal  to  the  current  in  a  coil.     The 

Tcctor  sum  in  either  case  is  V3  times  the  arithmetical 

8um,  so  that  the  capacity  of  a  machine  is  independent 

of  the  way  in  which  its  armature  is  connected,  but,  for 

a  given  pressure  and  output,  the  windings  will  differ 

(though   the  weight  of   copper  will   be   the  same)   for 

the  two  arrangements.     This  is  treated  more  fully  in 

Chap.  XIII. 
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CHAPTER    IX. 


103.    The  Dsformer.  —  The  remarka- 

ble developm  f  alternating  currents  for 

transmitting  electric  power,  is  mainly 

due  to  the  f;  my  with  which  they  may 

be  transformea  kiuin  one  essure  to  another.  Tbe 
transmission  of  electric  power  between  two  points  may 
be  made  by  alternating  currents  at  high  pressure  io: 
the  sake  of  economy  in  the  cost  of  conductors,  and 
the  pressure  may  be  reduced  at  the  receiving  point 
by  means  of  induction  coils  to  any  value  which  is 
deemed  entirely  safe  and  convenient  for  distribution. 

The  induction  coils  that  are  used  for  this  purpose 
are  called  Transformers  or  Converters,  because  they 
are  used  to  transform  or  convert  the  electrical  energy 
from  one  state  Co  another.  Formerly  transformers  were 
sometimes  called  Secondary  Generators  on  account  ot 
the  apparent  regeneration  of  the  energy  of  the  alternat-l 
ing  currents. 

The  action  of  transformers  is  due  to  the  inductive 
effect  which  a  varying  current  in  one  circuit  exerts 
upon  an  adjacent  circuit.  Since  this  effect  is  a  mut- 
ually interacting  one,  it  is  called  Mutual  lodnctioD. 
Before  proceeding  to  the  study  of  the  commercial  trans- 
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ners,  it  is  essential  to  examine  the  relations  which 
it  between   two  adjacent   circuits,  one  or  both   of 

cli  carry  an  alternating  current. 
M.  Mutual-Inductance.  —  Suppose  two  adjacent  coils 
ounded  by  air  and  in  which  a  current  is  flowing: 
total  number  of  lines  of  force  passing  through 
er  one  of  the  coils  is  the  number  of  lines  set  up 
the  current  in  that  coil  plus  the  number  of  lines 
up  in  the  other  coil  which  are  embraced  by  the 
If  the  current  is  changed  in  either  of  the  coils, 
slectrical  pressure  is  set  up  in  the  coil  under  con- 
ration,  which  may  be  called  the  first  coil,  which  is 

n'dN' 
il  to  E'  = — z-—,  where  n'  is  the  number  of  turns 

\o^dt 
N'  the  magnetic  flux  in  the  first  coil.     The  num- 
of  lines  passing  through  the  coil  due  to  its  own 

ent  is -; .     /.'   and    C   are   respectively   the 

■inductance  and  the  current  in  the  first  coil  (Chap, 
).  The  number  of  lines  of  force  due  to  the  first  coil 
ch  pass  through  the  second  coil  evidently  depends 
n  the  relative  positions  of  the  coils,  but  it  cannot 
greater  than  the  total  number  of  lines  set  up  by 
current  in  the  first  coil.  For  any  two  fixed  coils 
medium  of  fixed  permeability,  this  number  of  lines 
roportional  to  the  current.  The  electric  pressure 
;loped  in  the  second  coil  due  to  the  change  in  the 

ent  flowing  in  the  first  is  E"  =  — ,  where  n"  and 

are  the  turns  and  magnetism  in  the  second  coil.  The 
ition  h   =  may  be  written  h  — — — — ,  when 
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maj  be  nnbrtf  ttocB  £" 
&e  mimIiu  of  tvtas  m  Ae  aecmd  cofl  HdCffid 
&c  ■■abei-  of  fines  of  force  niwing  dmn^  dc 
oufl  vUcfa  xr«  doe  to  tbe  Ant  ooil  «^tea  one 
Mowing  m  it ;  sad  M  is  called,  by  aaakigr.  the 
MailMii  or  tite  rwlBriri!  of  If ataal  SmtuOim  d 
coiis.  Tbc  Talae  of  .V"  is  evidently  equal  to  y^t, ' 
iisi  eoastut  dqwoding  on  the  rductance  of  the 
of  the  Gnes  of  foice  wtnd  intaiink  the  tvQ  cmK 

the  coils  arc  loog  solenoids.  A"  =  **     . — , 

10/ 
the  crosfrsectioD  and  /  the  length  of  the  coH ;  aod  if 

solcDoids  are  wound  one  over  the  other  so  that  tbrif' 
dimensions  are  practically  equal,  the  \'alue  of  i  is  unit} 
because  .V"  evidently  becomes  equal  to  A",  and  J/be- 


reversed,  that  is,  if  a  current  flows 
have  JVi  =  43?l!pi,  and  J/, 


the  second  coil,«e 

In  this  case,  also,  L'  =  i and 

ic^r 

/_••  ={l-iJL-.  ConsequenUyZ.'Z."  =  J/',or ji/=  VZTI^ 
If  the  solenoids  be  now  separated  by  drawing  one 
out  of  the  other,  the  value  of  M  continually  decreases 
as  the  separation  continues.  The  self-inductances  o{ 
the  coils  remain  constant,  50  that  as  the  coils  sepa- 
rate, the  mutual-inductance  becomes  less  than  VZ'i". 
As  the  separation  of  the  coils  becomes  greater,  the 
of  M  decreases  towards  a  minimum  of  zero,     ll 
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reaches  this  value  when  the  coils  are  at  an  indefinitely 
great  distance  apart  or  the  axis  of  one  is  placed  symmet- 
rically but  at  right  angles  with  reference  to  the  axis 
of  the  other.  The  maximum  possible  value  of  the 
mutual -inductance  of  the  two  coils  is  therefore  a  mean 
proportional  between  the  values  of  their  self-induc- 
tances, and  the  minimum  value  is  zero.  The  maximum 
ifalue  can  only  be  attained  when  all  the  lines  of  force 
due  to  one  coil  pass  through  all  the  turns  of  the 
other,  and  the  value  of  M  may  therefore  be  written 
if<'>/l,'L",  from  which  it  is  at  once  seen  that  the 
mutual-inductance  of  the  two  coils  must  always  be 
small  if  the  self-inductance  of  one  or  both  of  the  coils  is 
\\:ry  small,  while  the  mutual-inductance  may  be  large  if 
both  the  self-inductances  are  large.  It  is  shown  on  the 
preceding  page  that  the  value  of  Af  may  be  generally 
•ritten  A/ ==  >i" .V I:  In  this  expression  /V  is  proper- 
llonal  to  «',  whence  it  is  shown  that  M'^n'n"k. 

The  product  of  the  number  of  lines  of  force  which 
interlink  two  coils  by  the  number  of  turns  in  the  indi- 
liflual  coils  will  not  change  by  changing  the  point  of  ref- 
Itnce  from  one  coil  to  the  other,  and,  consequently,  the 
Inutual-inductance  of  two  coils  is  always  the  same  when 
measured  from  either  coil,  provided  the  reluctance  of  the 
nia^'netic  circuit  is  unchanged.  When  the  magnetic 
circuit  is  composed  wholly  or  partly  of  iron,  it  is  neces- 
sary to  have  an  equal  number  of  lines  of  force  in  each 
part  of  the  circuit,  when  the  two  measurements  are 
made,  in  order  that  they  may  give  equal  results.  When 
the  magnetic  circuit  is  made  up  partly  of  iron  and  partly 
)f  Doii-magnetic  materials,  and  the  coils  are  quite  dif- 
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ferent,  as  in  dynamos,  the  condition  of  equal  induction 
is  difficult  ta  fulfil,  and  the  value  o£  M  may  be  quite 
different  whi?n  measured  from  the  fields  and  from  the 
armature.  This  difference  is  wholly  due  to  the  differ- 
ence in  the  permeability  of  the  magnetic  circuit  during 
the  two  measurements. 

As   shown  tual -inductance   is   homo- 

geneous witi  of,   the  same  dimensioDi 

as   self-indue  is   therefore   the   hetiij. 

The  practice  d-inductance,  M,  as  here 

developed  b)  i  L,  is   lo®  times  as  large 

as  the  absoUi 

If  the  lines  ui  lorce  .  to  one  coil  which  enter 
another  do  not  all  pass  completely  through  the  sec- 
ond coil,  the  definition  of  the  mutual-inductance  still 
holds  as  already  given,  but  the  summation  of  the  num- 
ber of  lines  of  force  passing  through  each  individuai 
turn  must  be  taken  (compare  Sect.  i6).  If  iron  be  in- 
serted in  the  path  of  the  Jines  which  interlink  two  coiis, 


where  F  and  P  are  the  reluctances  of  the  path  before 
and  after  the  iron  is  inserted.  The  ratio  —  is  depend- 
ent on  the  permeability  of  the  iron  in  the  magnetic 
circuit,  and  the  value  of  M  must  therefore  vary  with 
the  current  in  the  coils  in  any  case  where  iron  is  in 
the  magnetic  circuit,  while  it  is  independent  of  the 
value  of  the  current  when  magnetic  material  is  absent. 

105.  The  Energy  of  Mutual  Induction,  — Assume  two 
adjacent  coils  with  a  constant  mutual-inductance.  In 
one  let  a  current  of  C  amperes  flow,  and  in  the  other 
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L  current  of  C"  amperes.     The  number  of  lines  of  force 

lue  to  the  first  coil  which  pass  through  the  second  is 

xfMC 

— -J-, — ,  and  the  change  in  this  number  when  C  changes 

s If  the  current  C  be  varied,  the  work  due 

n' 

0  mutual  induction  which  is  done  in  the  second  coil  in 
-hanging  the  magnetic  field  against  the  effect  of  the 
:urrent  C"  is  (by  Vol.  I.,  p.  69)  dW^MC'dC  (com- 
pare Sect.  18).  If  the  current  in  the  first  coil  be 
"hanged  from  zero  to  C,  the  work  done  on  the  second 

cofl  is  IV=JjMC'da  =  MCC',  which  is  all  stored 
in  the  magnetic  field.  If  the  current  C  falls  again  to 
Kero,  this  work  is  restored  to  the  circuit.  When  M 
^ries  with  the  current,  the  work  is  still  MC'C\  but 
^  in  the  expression  must  be  assigned  its  equivalent 
J^aean  value  between  the  limiting  values  of  the  current 
(compare  Sect.  18).  As  the  current  in  the  first  coil 
rises  to  C,  the  total  work  stored  in  the  magnetic  field 

« 

>s  evidently  the   sum    of   the   work   due   to   self-   and 

Mutual-induction,  or \-MC'C\ 

2 

If  the  current  varies  in  both  the  coils  at  the  same 
time,   the    following   condition    exists    at    any    instant. 

1  The  total  pressure  in  either  coil  is  the  resultant  of 
hhree  elements  —  the  active  pressure  {cR)y  the  pressure 

'of  self-induction    {-—j^X  and  the  pressure  of  mutual- 
induction  (  — --  ),  and 
\dt  J 

,  dt 


2D 


i 
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where  ^  and  e"  are  the  instaataneoos  impressed  press- 
ures in  the  two  coils.     By  transformation  we  have 

(/'  -  c"r")  dt  =  MJe  +  V'd^'. 
Multiplying  these  respectively  by  f'  aod  tf'  and  adding, 
gives 
(fV  +  c"c")  dt-i/'r'  -^  c"h")dt  =  L't'di'  +  L"c"d^' 

The  first  and  second  terms  of  the  left-hand  member 
of  this  equation  represent  respectively  the  total  wotK 
done  by  the  impressed  electric  pressures  and  the  work 
expended  in  the  coils  in  heal  during  the  intcr\-ai  Jt, 
Their  difference  represents  the  work  done  on  ihi 
magnetic  field.  The  total  work  done  on  the  mag' 
netic  field  during  any  change  of  the  currents,  as  fron 
zero  to  C  and  C",  is  found  by  integrating  the  right 
band  member  of  the  equation.     Thus, 

V£  c'dc'  +  L"£  f"dc"  +  m£  (^dc"  +    ^■dc') 

2  2  ' 

If  the  currents  now  fall  to  zero  again,  the  work  ht 
the  same  value  as  above,  but  the  negative  sign.  In  tl 
first  case  electrical  energy  is  absorbed  from  the  cira 
and  stored  in  the  magnetic  field  which  is  set  up,  and 
the  second  case  the  stored  work  is  restored  to  the  c 
cuit  as  the  magnetic  field  dies  away. 
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106.  Transfer  of  Electricity  by  the  Effect  of  Mutual 
iuction.  —  Now  suppose  that  no  pressure  is  initially 
pressed  on  the  second  coil  (that  is,  e"  =  o),  then 
len  the  current  in  the  first  coil  is  changed,  the  con- 
:ions  in  the  second  coil  are  given  from  the  equations 
ove ;  thus 


Whence 


I  <^'r"dt  =  -M\    dc'-L"\  dc". 

0  c/O  c/0 


ice  the  last  term  reduces  to  zero,  the  quantity  of 
ctricity  which  is  transferred  in  the  second  coil  under 
I  inductive  influence  of  the  first  when  its  current 
m«:es  from  zero  to  C  is 


j;V'^/ = ," = -  ^jr  V = - 


r" 


r'r"' 


the  current  of  the  first  coil  is  now  brought  to  its 
jinal  value,  we  have 


^i"  =  -^/>-7^X^^'  = 


MC  ^  VFJ 


e  two  quantities  are  equal  and  of  opposite  sign,  so 
t  the  transfer  of  electricity  in  the  secondary  coil 
ing  the  rise  and  fall  of  the  primary  current  reduces 
zero,  provided  the  original  and  final  values  of  the 
nary  current  are  equal  (compare  Sect.  19).*  If  the 
rent   in   the  first  coil   is   a   simple   periodic   one,  a 


Gerard's    Lf(ons  sur   V flUctricitt,   y\  ed.,  Vol.   I.,  p.  227;    Hospi- 
r's  Traite  sur  V Anergic  ilectrique.  Vol.  I.,  P-  486. 
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periodic  current  of  the  same  frequency  is  set  up  in  tin: 
second  coil.  Such  an  arrangement  of  two  coils  U  ^ 
transformer.  The  first  coil  is  called  the  Primary  Coil, 
and  the  second  is  called  the  Secondary  Coil.  The 
pressures  or  currents  in  the  i»rim;iry  and  scconiiry 
coils  are  called  respectively  primary  and  secondary  press- 
ures or  curr(  primary  current  wave  is  a 
sinusoid  an  luctancc  is  constant,  the 
electric  pre  the  secondary  is  also  i 
sinusoid,  bu  ise  90°  behind  the  phase 
of  the  prima  >  is  evident  from  the  fact 
that  the  ina  ;  proportional  to  the  rate 
of  change  of  on.  and  the  magoetiialkm 
is  in  phase  with  the  primary  current  {compare  Sect.  15). 
When  iron  is  present  in  the  magnetic  circuit,  J/"  is  no 
longer  constant,  and  the  rate  of  change  of  the  magnet- 
ization is  not  proportional  to  the  rate  of  change  of  the 
current ;  consequently  the  secondary  pressure  wave  is 
no  longer  similar  to  the  wave  of  primary  current,  but 
it  is  always  exactly  similar  in  form  to  the  wave  of 
counter  electric  pressure  set  up  in  the  primary  coil 

107.  The  Pressure  Relations  in  a  Transformer.  —  If  » 
sinusoidal  current  is  caused  to  flow  in  one  of  two  coils, 
such  as  h:ive  been  considered  in  the  preceding  para- 
graph, the  relative  positions  of  the  pressures  in  the  tim 
coils  may  be  shown  graphically  as  follows.  In  Fig.  [S;, 
let  <?£"i,  be  the  active  pressure  in  the  primary  coil  act- 
ing upon  the  current  (OC^).  This  current  will  set  upd 
self-induL^tive  pressure  in  the  primary,  Cj*?,.  =  3  i^Z,Cj 
and  a  mutually  inductive  pressure  in  the  secondary, 
OEi^  =  2  irfMC^.      These   pressures   are   in   the  same 
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:tion  and  lag  go*'  behind  the  current  (see  Sect.  106). 
pressure  OEi^mll  set  up  a  current  {OC^  in  the 
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idary  which  will  cause  a  pressure  in  the  secondary, 
,  =  2  irfL^C^  and  a  pressure  in  the  primary,  OE^^ 
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=  2  irfMCy  both  lagging  go"  behind  the  current  Tie 
active  pressure  in  the  secondary  is  the  resultant  of  OE^^ 
and  OE^,  or  OE^.  The  pressure  impressed  upon  the 
primary  (0/;\)  must  be  such  that  when  combined  with 
the  self  and  mutually  inductive  pressures  0£^  and 
OE^  the  resultant  will  be  the  active  pressure  (?£\,- 
The  vector  >  ves  OE-^  is  completed  by 

drawing   fro  ^u^  which  is  e<jual  and 

parallel  to  (  A  the  line  AE^  which  is 

equal  and  pa  Then  OE^  is  the  impressed 

pressure.     li  be  increased,  E^  and  5,^ 

which  depenci  ary  current,  will  be  larger, 

and  0j,  the  a  the  primary  current,  will 

be  lesK,  while  the  secondary  current  will  swing  around 
more  nearly  into  opposition  with  the  primarj'  current. 
Under  these  circumstances  the  active  secondary  pressure 
will  be  smaller  if  the  primary  pressure  remains  constanL 
If  the  secondary  current  be  made  smaller,  the  primarji 
pressure  remaining  constant,  the  active  secondary  press- 
ure will  be  increased,  0,  increased,  and  the  secondaiy 
current  will  swing  around  towards  a  phase  which  is  90° 
behind  the  primary  current.  It  is  evident  that  tbt 
primary  and  secondary  currents  combine  to  give  1 
resultant  magnetizing  effect  which  sets  up  the  magnet- 
ization in  the  magnetic  circuit.  This  property  will  bJ 
used  in  the  chapter  on  design. 

108.   Measurement  of  Mutual-Inductance.  —  Before  leav 

ing  this  part  of  the  subject,  it  is  well  to  consider  thi 

methods  of  measuring  mutual-inductances.     The  various 

^iractical  methods  are  based  on   a  comparison  of  thJ 

nknown    mutual-inductance  with  a  known   resistance 
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capacity,  a  self -inductance,  or  another  mutual-induc> 
ince.  The  latter  may  be  the  mutual-inductance  of  two 
tandard  coils  which  are  fixed  in  a  position  relative  to 
ach  other.  The  mutual-inductance  of  two  such  coils 
lay  be  determined  by  calculation  if  the  coils  are  of 
ic  proper  shape,  or  it  may  be  made  by  careful  com- 
arative  measurements. 

I.  Direct  Measurement  by  Amperemeter  and  Voltmeter 
asing  an  alternating  current).     The  formula 

dt 

Sect.  104)  indicates  a  method  of  measuring  the  mutual- 
iductance  of  two  coils  when  a  source  of  sinusoidal 
ternating  current  is  at  hand.  When  the  current  is 
nusoidal  and  flows  continuously  through  the  primary 
)il,  the  instantaneous  pressure  induced  at  any  moment 
the  secondary  coil  is 

ji  __  Md<^  _  Md(c  ^  sin  a)  _  M(^ ^  cos  ada 
""    dt    ""  ~dt  ~"  ~dt  ' 

le  maximum  value  of  the  induced  pressure  is 

ice   ;y7  =  2  tt/*  (Sect.    24).      The    efifective   value  of 
e    induced   pressure   is   therefore   E^'  =  2  irfMC\   or 

'=  —         '     The  mutual-inductance  of  the  coils  may 
2  7r/6'  ^ 

erefore  be  measured  by  passing  through  one  of  them 
sinusoidal   current   the   effective   value  of   which   is 
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measured  bjr  an  amperemeter,  and  measuring  the  e 
tive  value  of  the  induced  pressure  (Fig.  183). 

2.  Direct  MfaturemerU  (using  amperemeter  and 
listic  galvanometer).  Connect  the  primary'  of  the 
coils,  ih  s  mutual- inductance  of  which  is  to  be  measi 
in  series  whh  a  battery,  an  amperemeter,  and  a 
(Fig.  \i  the  secondary  coil  conne 

ballistic  ing  the  total  resistance  of 

secoDda  oe  R",     Then,  when  the 

in  the  p  ere  will  be  an  induced  cur 


Q 


r''^ 


i> 


in  the  secondary,  during  the  continuance  of  whict 
number  of  coulombs  passing  will  be  Q"  =  ( 

106),  where  C  is  the  final  value  of  the  current  ii 
primary,  and  M  is  the  value  of  the  mutual  induct 
which  is  sought.  The  value  of  Q"  is  determined 
the  throw  of  the  ballistic  galvanometer.     The  equ 
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then  contains  only  one  unknown  quantity,  the  value  of 
My  which  is  therefore  determined  by  the  solution 

where  0  is  the  throw  of  the  ballistic  galvanometer,  and 
K  is  its  constant  If  the  known  primary  current  be 
reversed,  the  formula  becomes 

2C  2C  ' 

3.  Comparison  with  a  Known  Capacity  (Carey  Fos- 
ter's Method).  By  niodifying  the  preceding  method,  it 
is  possible  to  make  the  desired  determination  without 
knowing  the  constant  of  the  ballistic  galvanometer. 
Thus,  after  the  observations  have  been  taken  as  de- 
scribed, a  condenser  with  the  galvanometer  in  series  may 
l>e  shunted  around  the  resistance  /,  which  is  in  the 
primary  circuit  (Fig.  185).  Then  when  the  key  is 
closed,  the  quantity  of  electricity  which  passes  through 
the  galvanometer  is  (Sect.  35  ^) 

Q^  =  sCf'. 

If  the  resistance  ^,  shunted  by  the  condenser,  is  ad- 
justed without  altering  the  total  resistance  in  the 
circuit,  so  that  the  galvanometer  deflections  in  the  two 
positions  are  equal,  or  Q^  =  Q!\  then 


.rCV  = 


MC 


whence 


M^sr'R''. 
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If  the  deflections,  and  therefore  the  quantilics.  of  cl 
tricity  are  not  etjual  in  the  two  cases,  this  becomes 

M=  —Q—^ 

where  6  and  6^  are  the  respective  throws  of  the  galva- 
nometer in  the  two  positions.  Tn  order  that  the  adjusl- 
ment  may  h  he  arrangement  shown  in 

Fig.  i86  is  (  ariable  resistances  t'  and 

r",  which   a  y  and   secondary  circuital 


Fig.  186  FiS.  IBS 

respectively,  are  adjusted  until  the  galvanometer  give* 
no  throw  upon  closing  the  primary  circuit.  Then  th^ 
electric  flow  due  to  charging  the  condenser  is  exactly 
equal  and  opposite  to  the  flow  in  the  secondary.  Irt 
this  case  we  have 

or,  as  hefore,  M^st'R". 
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r  that  the  self-induction  of  the  circuits  may 
iirb  the  observations,  the  ballistic  galvanometer 
ive  a  rather  sluggish  needle,  so  that  it  will  not 
preciably  during  the  duration  of  the  discharge* 


Pirani's  Method.)     This   method   has  much   in 

with  the  preceding,  but  the  arrangement  of  the 

is  quite  different 
7)  Here  the  pri- 
ll secondary  circuits 
itain  variable  resist- 

and  r^'.  These  are 
Jd  together  at  the 
lere  they  join  their 
irc  coils  ;  at  the  other 
rare  joined  through 
Sser.  The  battery 
fanonieter  are  con- 
respectively   in    the 

and  secondary  cir- 
shown  in  the  figure. 

current  is  set  up  in 

»ry,  a  charging  ciir- 

Bs  to  flow  through  r"  into  the  condenser  which 

I  sC'r'  coulombs  of   electricity       The  average 

X  of  electric  pressure   at   the  terminals  of  t^' 

3ie  period  of  charging,  /,  is  therefore 

rage  pressure  set  up  by  induction  in  the  second- 

iical  Magauiie,  Vol    S3,  jJ  Scric*.  p,  121  ;  Gerald's  Lifum 
f,  3d  eti,,  Vol.  I.,  p.  llT,  Gray'*  Ahelult  Mtas.  in  Eteti- 

l|pi.  n.i  p.  3°3- 
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ary  circuit,  which  is  opposite  in  direction  to  the  charg- 
ing current,  is  .     When  the  resistances  r*  and  r" 

are  adjusted  so  that  the  galvanometer  shows  no  deflec- 
tion, the  average  fall  of  pressure  in  r"  during  the  period 
of  the  transient  current  which  is  caused  by  the  condenser 
charging  curre  average  pressure  devel- 

oped in  the  sec  nsequently, 


and 

In  this  method,  as  in       ;  ous  one,  the  galvanome- 

ter needle  must  he  sufficiently  .leavy,  so  that  it  docs  not 
move  appreciably  during  the  period  of  the  transient 
current," 

4.  Comparison  with  a  Known  Seif-indiic/ance  by 
Bridge  (Maxwell's  Method).  The  mutual -inductance 
M  of  two  coils  in  this  case  is  compared  with  the 
known  self-inductance  of  one  of  the  coils.  The  coil  of 
known  self-inductance  is  connected  in  one  arm  ^  of  a 
bridge,  and  the  other  coil  is  connected  in  the  battery 
circuit  (Fig.  18S) ;  the  connections  being  so  made  that 
the  magnetic  effects  of  the  two  coils  are  in  opposition. 
The  resistances  of  the  other  arms  of  the  bridge  arc 
represented  by  R-^,  A,  and  B.  The  bridge  is  balanced 
by  trial  and  approximation  for  both  steady  and  tran- 
sient currents,  when  the  fall  of  pressure  in  the  bridge^ 
arm  R  is  equal  to  that  in  the  arm  .^|.     From  this  cor.  . 

*  latk/i-olKhaischt  Ztili.hri/l,ii&^,Vo\.i,^.-i7,(,;  HotpiuUer't  7r«»*li 
,li  rintrsif  &Ie<trique,  Vul.  1,,  p.  301.  1 
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dition  the  following  equations  are  formed.  If  c  and  c^ 
are  the  currents  in  the  arms  R  and  R^,  at  any  instant 
the  fall  of  pressure  in  the  arm  R  is 

Re  4-  ^^  4-  ^^^  "^  ^^^, 
dt  dt 
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and  the  fall  of  pressure  in  the  arm  R^^  is  R^c^,  The 
condition  of  balance  for  both  transient  and  steady 
current  requires  that 

R.  ^RcJ,L^^  ^^^'  +  ^1)  and  R^c^  =  Re. 
^  ^  dt  dt  ^  ^ 


Hence 


Ldc     M(dc  +  dc^  _ 
~dr  ^  It  "  ^* 


jThat  is,  the  current,  c  -f  ^j,  flowing  in  the  battery  circuit, 
ffUnd  that  in  the  arm  R^  c,  must  have  such  a  ratio  that 


the  effects  of  self  and  mutual  induction  arc  equal 
opposite.     Integrating  the  last  equation  gives 

and  combining  this  with  He  =  RyC^  gives 


ance,  r,  may  be  connected  between  the  battery  termij 
of  the  bridge  (Fig.  189),  and  the  required  relations 
tween  the  transient  currents  in  the  battery  circuit 
rm  R  may  be  gained  by  adjusting  this  resistance  w 
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►ut  disturbing  the  steady  balance  of  the  bridge.     Then 
ve  have,  by  a  solution  similar  to  the  above, 


L_ 

M 


=-(-^'^) 


These  equations  show  that  the  value  of  L  must  be 
greater  than  M^  in  order  that  the  method  may  be  used. 
To  make  the  method  generally  useful,  the  coil  of  known 
self-inductance  should  be  inserted  in  the  shunt  circuit 
with  the  resistance  r.     Then,  when  the  balance  is  made, 


M 


=-(..?.). 


^here  r'  is  the  total  resistance  of  the  shunt  branch. 

In  order  that  this  method  may  be  reliable,  the  induc- 
tances of  the  bridge  coils  must  be  entirely  negligible 
^^  a  proper  correction  must  be  made.  To  gain  greater 
^^nsibility  in  the  method,  a  secohmmeter  may  be  used 
^th  the  bridge  (Sect.  37).* 

^a.  (Niven*s  Method.)  In  this  case,  the  mutual-induc- 
^nce,  M,  of  two  coils  is  compared  with  the  known  self- 
inductance  of  another  coil.  The  coil  of  known  self- 
inductance  is  connected  in  one  of  the  bridge  arms,  R. 
One  of  the  coils  whose  mutual-inductance  it  is  desired 
to  measure  is  connected  in  the  battery  circuit,  and  the 
other  is  connected  in  series  with  a  variable  resistance, 
as  a  shunt  to  the  galvanometer  (Fig.  190).  When  the 
bridge  is  balanced  for  steady  currents,  a   balance   for 

•  Maxwell's  Electricity  and    Magnetism ^    2d    ed.,  Vol.    II.,  p.    365; 
Gfay's  Absolute  Measurements^  Vol.  II.,  p.  465. 
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tiansicnt  cmrcnts  may  be  gained  by  adjnstiog  the  vaii 
able  rc^isUDce  m  the  shunt  circniL  This  being  dow 
we  have  ^£ 

M~       Rr  " 

where  r  is  the  resistance  of  the  circuit  shunting  t 
galvanomi^ter.     Tlic  galvanometer  needle  must  haw 


^^^■istanc 
V^Btwee 

14^ 


Piff.  190 

considerable  time  of  vibration  as  before,  and  a  secohi 
meter  must  be  used  to  give  sensitiveness.* 

S,  Comparison  of  Two  Mutual-Inductances  (Maxwel 
Method).  The  primaries  of  the  two  pairs  of  coils  a 
connected  in  series  with  a  battery  and  key,  and  tl 
secondaries  are  connected  in  series  with  variable  r 
tanccs.  A  galvanometer  is  connected  as  a  shui 
:ween  the  secondaries  (Fig.  191).    The  variable  resii 


•  Gray'i  Abtolult  Mtamreintnlt,  Vol  II.,  p.  475, 
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:es  are  adjusted  until  the  galvanometer   shows  no 
lection  upon  opening  and  closing  the  key.     Then 


re  -^1  and  R^  are  the  total  resistances  in  the  sec- 
iry  circuit  on  either  side  of  the  galvanometer. 


Rf 


Ri 


^.-AAAAAAAAAAjAA/NAAAAAV— %. 


Figr.  191 

his  method  may  be  modified  by  connecting  the 
anorneter  in  series  with  the  secondaries,  which  are 
lected  in  opposition.  A  shunt  is  then  connected 
irecn  the  lead  wires,  as  in  Fig.  192.  When  the  re- 
inces  on  either  side  of  the  shunt  have  been  adjusted 
hat  the  galvanometer  shows  no  deflection  on  open- 
and  closing  the  key,  the  relation  obtaining  is 

M.     R.-\-R. 


M. 


R. 


re  R,  is  the  resistance  of  the  shunt  connection. 

:  the  shunt  connection  is  placed  in  the  primary  circuit 
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(Fig,  192  (?)  and  J?^  is  the  total  resistance  of  the  prima 
circuit  to  the  right  of  the  shunt,  the  relation  becomes 


Finaily  if  a  shunt  is  placed  in  both  primary  and  £ 
ondary  circuits  (Fig.  192 i),  the  relation  becomes* 


'  Maxwell's    Elictriiity  and  Magnetism,    3d    ed.,  Vol.    II.,    p.  , 
Gray's  Ahtelutt  Mtasuriminls,  Vol.  II.,  p.  444. 
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M^     RXR,  +  R^ 

In  this  method  a  secohmmeter  may  be  used,  and  then 
2  galvanometer  terminals  will  be  reversed  at  each 
"'ersal  of  the  current.  Therefore,  a  dead  beat  galva- 
meter  may  be  substituted  for  the  ballistic  form,  and 


Fig-.  102  b 


sn  the  desired  condition  obtains,  it  will  indicate  that 
current  is  passing. 

09.  Coils  with  Iron  Cores.  —  When  measurements 
the  mutual-inductances  of  coils  with  iron  cores  are 
le  by  either  of  the  preceding  methods,  the  value 
:r\'ed  will  depend  upon  the  magnitude  of  the  cur- 
used  in  making  the  measurements.  Since  it  is  not 
ticable  to  use  currents  of  much  magnitude  in  the 
ge  methods,  they  are  not  adapted  to  the  measure- 
t  of  the  mutual-inductances  of  coils  with  iron  cores 
:h  are  designed  for  use  with  large  currents.     The 
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last  method  is  a  laborious  one,  and  therefore  is  not  well 
adapted  to  general  use  unless  modified  by  employing  a 
variable  standard,  as  described  below.  The  first,  sec- 
ond, and  third  methods  are  fairly  convenient,  and  may 
be  used  with  any  desired  current  in  the  primary  coil. 
They  are  also  fairly  reliable.  If  the  value  of  M  is  to 
be  determin  '   iron-cored   coils   using  » 

certain    curr  necessary   to   adjust  the 

resistance  ol  -cuit  so  that   the  requimf 

current  will  ey  is  closed.    The  stand- 

ards of   sell  )f    mutual-inductance  en- 

ployed  in  Ih  ethods  must  evidently  b* 

constructed  wi      i'        uu     ,.  ;s  so  that  the  coefficientJ 
are   independent  of   the  v     le  of  the  testing  current 
A  variable  standard  of  mutual-inductance  may  be  msdt;  I 
up  to  serve   a  purpose  similar   to  that  of  the  Ayrion 
and  Perry  self-inductance  standard  (Sect.   36,  3  a).    lo   1 
fact,   the   Ayrton   and    Perry   self -inductance   standarf 
may  be  used  as  a  variable  standard  mutual-inductanct  , 
by  using  the  fixed  and  movable  coils  for  the  mutually 
interacting  pair,  in  which  case   the  niutual-inductanc* 
of    the   pair   may    be    varied   at   will   by   rotating  th^ 
movable  coil.     With  such  a  variable  standard  the  la** 
method  enumerated  above  may  be  somewhat  simplifie'J' 
In  this  case  the  adjustments  required  to  gain  a  balam^ 
may  be  made  by  changing  the  variable  standard.     I 
the  unknown  mutual-inductance   is   beyond  the  rang* 
of  the  standard,   the   balance  may  still  be  gained  bj 

making  -^  (page  99)  some  satisfactory  fixed  ratio  ao'' 

■"a 
then  balancing  by  adjusting  the  standard. 
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110.  Mutual  Induction  of  Parallel  Distributing  Circuits. 
—  Where  two  or  more  electric  light  or  power  circuits 
carrying  alternating  currents  run  parallel  to  each  other, 
they  act  inductively  upon  each  other,  and  in  some  cases 
the  mutual  induction  may  cause  considerable  interference 
with  the  uniformity  of  the  pressure  on  the  lines.  The 
mutual  inductance  of  any  two  parallel  circuits  of  indefi- 
nitely great  length  may  be  easily  calculated,  provided 
the  distances  apart  of  the  different  wires  composing  the 
circuits  are  known.  The  number  of  lines  of  force  which 
pass  through  or  link  with  one  circuit,  due  to  one  ampere 
flowing  in  the  other,  is  numerically  equal  to  ib®  times 
the  mutual-inductance  of  the  two  circuits,  and  this  num- 
ber of  lines  of  force  is  equal  to  the  algebraic  sum  of  the 
number  of  lines  of  force  embraced  by  the  first  circuit 
which  would  be  set  up  by  the  current  in  the  individual 
conductors  of  the  second  circuit  taken  separately.  The 
method  of  Section  47  is  therefore  directly  applicable  to 
the  calculation  of  the  mutual-inductance  of  two  long 
and  parallel,  narrow  circuits.  The  following  examples 
represent  the  commonest  arrangements  of  circuits  on 
pole  lines.  Suppose  that  a,  a!  and  ^,  b^  represent  the 
conductors  of  two  circuits,  and  that  the  order  of  the 
wires  is  a  —a!  —  b  —  b\  the  distance  apart  centre  to 
centre  of  the  wires  of  circuit  A  is  jr,  of  circuit  B  is  y, 
and  of  the  adjacent  wires  of  the  two  circuits  (aJ  —  ^)  is  ^  ; 
^  then,  if  we  consider  the  currents  as  concentrated  at  the 
centres  of  the  wires,  which  makes  but  an  insignificant 
error  with  the  ordinary  dimensions  of  conductors  and 
circuits,  and  consider  the  space  between  two  planes  per- 
I  pendicular  to  the  circuits  and  one  centimeter  apart,  the 
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number  of  lines  of  force  due  to  a  current  of  one  ampere 
in  fl',  which  pass  through  the   circuit  B   between  the 

planes,  is  (Sect.  47) 


^'.- 


=r 


2  da 


2log,- 


^x+y-^s 


and  th  J  number  of  lines  of  force  due  to  a  current  of  onC  1 
ampere  in  a  which  pass  through  the  circuit  B  between  J 
the  planes,  is 

A',  =  — I         =  — 2lc 

The  total  number  of  lines  of  force  set  up  by  the  current' 1 
of  one  ampere  in  circuit  A,  which  pass  through  the  cir- 
cuit B   between   the  planes,    is   N,  + N^-,   the  number 
which  link  through  the  B  circuit  in  a  length  of  /  cttili- 
meters  is 

and  the  mutual-inductance  of  the  parallel  circuits  ol  I 
length  /  is 


If  X  =y,  this  becomes 


-log,. 


I 


^'-B' 


(j  +  »)'    ^.4.6o/, 


Z{2X  +  Z)  I0» 

id  \l x=y=B,  it  becomes 


li>gi 


S{2X  +  S)  ' 


4.60/ 


loBio 


SliJ 
io» 
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where  /  is  the  length  of  the  parallel  circuits  in  centi- 
meters. 

Exchanging  the  order  of  the  wires  so  that  circuit  A  is 
between  the  conductors  of  circuit  B,  thus  b—a—J  —  b\ 
changes  the  formulas.  Here  the  algebraic  sum  of  the 
number  of  lines  of  force  set  up  by  the  circuit  A  which 
link  with  circuit  B,  is  equal  to  the  total  number  of  lines 
of  force  set  up  by  circuit  A  minus  the  number  passing 
backwards  through  b  —  a  and  a'  —  V ,  Suppose  a  —  J\% 
^ual  to  X  and  b  —  a  and  a!  —  b^  are  each  equal  to  y^ 
then  the  total  number  of  lines  of  force  set  up  by  one 
^pere  in  a  length  of  one  centimeter  of  circuit  yJ,  is 

»  r 

(r  being  the  radius  of  the  conductor),  and  the  number 
of  lines  due  to  circuit  A^  which  pass  between  the  planes 
through  the  space  b--a,  is 

and       ^  =  -^(A'.-2^J-fsK;-'°8-?5^) 

„,.^,^.  2^' log,...  2^'. 

If    the  circuits  are  not  in   the   same  plane,  as,  for 
instance,  they  are  arranged  thus, 
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and  the  distance  a  —a'  h  x,  the  distance  i  —  ^  is /,  the 
distance  a'  —  b'  is  s,  the  distance  a'  —  b  is  if,  ji  — 
and  a  —  b'  is  « ;  then  the  formulas  are 


2  ^log. "  -  log,  y  =  2  log.  J 


and 

-7^ 

.      «I»        4.60/,           «B 

If  one  c; 

beneath   the   other.  J=> 

v  =  ^,  and  ■. 

and  the  formula  beconia 

''-i'  .^ 

*§-''-..'-¥ 

If  *=>.-i.-i:, 

..=  4^',„, 

These  results  plainly  show  that  the  mutual-inducUnc* 
of  two  circuits  is  entirely  independent  of  the  actual''''' 
tances  apart  of  the  conductors  composing  the  circuiR 
but  depends  wholly  upon  the  relative  values  of  '<* 
distances.  The  mutual-inductance  of  two  circuits  si 
maximum  when  the  circuits  are  exactly  superposed," 
which  case  J/=  V7,'/,"  =  Z,  and  decreases  iis  the* 
tance  between  the  circuits  is  increased  in  corapins* 
with  the  distance  apart  of  the  conductors  of  each  circi"* 
consequently,  mutual-inductance  between  circuits  on"* 
same  pole  line  may  be  reduced  by  decreasing  the 
tance  apart  of  the  conductors  of  each  circuit  and  incP 
ing  the  distance  apart  of  the  circuits.     A  better 


"1 
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'Old  mutual   induction  in  some  cases  is  to  transpose 
e  position  of  the  circuits  with  reference  to  each  other, 

is  done  in  long  distance  telephone  lines,  so  that  the 
Juctive  effects  of  the  circuits  on  each  other  are  in 
position  in  different  parts  of  the  line,  and  neutralize 
ch  other  for  the  line  as  a  whole. 
The  effect  of  mutual  induction  between  two  circuits 
to  set  up  an  electrical  pressure  in  one  when  the  cur- 
nt  in  the  other  varies.  If  the  current  is  a  sinusoidal 
ternating  one,  this  pressure  is  (Sects.  107  and  108) 
'^fMC^  and  the  effect  of  an  alternating  current  in  one 
rcuit  upon  another  circuit  is  easily  determined  \i  M  is 
riown.  When  the  two  circuits  are  fed  from  the  same 
ngle-phase  alternator,  the  induction  of  one  upon  the 
ther  is  in  quadrature  with  the  current  in  the  first, 
tid  the  relative  phase  of  the  pressure  induced  in  the 
-cond  depends  on  the  current  lag  in  the  first.  If  this 
•  zero,  the  induced  and  impressed  pressures  are  in 
Uadrature,  while  they  are  in  opposition  if  the  lag  is 
^°.  The  result  is  a  displacement  of  the  pressure 
"aves  and  a  drop  of  pressure  along  the  lines.  If  the 
rcuits  are  fed  from  different  alternators,  the  frequency 
'  which  is  slightly  different,  the  inductive  pressure  and 
repressed  pressure  interfere  so  as  to  form  pulsations  or 
iats,  the  frequency  of  which  is  equal  to  the  difference 

the  two  alternator  frequencies,  and  the  amplitude  of 
hich  is  the  sum  of  the  two  pressures.  This  may 
use  a  perceptible  winking  of  incandescent  lamps  con- 
icted  to  mutually  inductive  circuits  of  nearly  the  same 
iquency.* 


•  v..  K.  Scott,  Polyphase  Transmission,  Electrical  World,  Vol.  23 
tdon  Electrician,  Vol.  32,  p.  642. 
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CHAPTER  X. 
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OPERATION    OF 

MER,    AND    EFFECT   OP" 

IH 

LOSSES. 

111.   Ratio  of 

in  a   Transfoiiner, — 

The  formulas  of  : 

that  the  electric  press- 

ure  developed  in 

oil  is  at  any  instant 

/'  = 

If  the  current  wave  is  a  sinusoid, 

this  becomes 

,,  _  ii{Mc'„  sin  a) 

"^  ~'       Zi        ■ 

It  the  conditions  require  that  Af  be  treated  as  a  variat**^ 

dependent  upon  the  varying   iiermeability   of   an   irC" 

core,  this  equation  is  practically  unsolvable.     For  pr».^' 

tical  purposes,  as  has  already  been  said,  it  is  sufficie*"' 

to  assume   J/    as    having   a   constant    average    vaU-*"^ 

which  depends  upon  the  iron  of  the  core  and  the  ma^^' 

netic  density  used  in  the  transformer.     The   equati<^ 

,         ,                    ,,      j1/t'«  cos  arfa  .  ,  ^—  i 

then  becomes  c    = -y Ine  maximum  valt^' 

of   the   electric   pressure   is   therefore   /'.  =  2  irfMi^ggi-* 

where  /  is  the  frequency  of  the  current  wave.     Th       ' 

ective  value  of  the  secondary  electric  pressure  is  the^^ 

dently  E"  =  2  itfMC,  where  C  is  the  effective  pr^^' 
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"y  current.      If  the  secondary  circuit   is  open,  the 
owing  equations  may  be  written, 


le  E\  =  2  tt/Z'C'  =  i^lJlf^^  where  E.  is  the  self- 

10** 

aced  primary  pressure,  E  is  the  impressed  pressure, 
N  is  the  maximum  number  of  lines  of  force  in  the 
le.     If  the  resistance  of  the  primary  be  considered 
ligible,  the  former  equation  becomes 

£'=2  7r/Z'(7  =  £'.. 

the  primary  and  secondary  coils  are  so  completely 
erposed  that  there  is  no  magnetic  leakage,  the  value 
y  becomes  A/'=VZ7z7';  whence 

E  ^2'rrfVa  ^     E  E  ^  VE 

E'     2TrfMC     VELP  ^^  E"     yflp 

=  —77,  since  the  reluctance  in  the  magnetic 

:uit  of  the  two  coils  is  assumed  to  be  the  same  (Sect. 

,  and  therefore 

E_^fJ_ 

E'     «"' 

other  words,  if  the  active  pressure  in  the  primary 
y  be  considered  negligible  when  compared  with  the 
)ressed  pressure,  and  there  is  no  leakage  of  magnetic 
;s,  the  ratio  of  the  impressed  pressure  in  the  primary 
a  transformer  to  the  induced  pressure  in  the  s^ 


t 
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ondary  I'j  equal  to  the  ratio  of  the  number  of  turns  of 
wire  in  the  two  coils.  This  ratio  of  pressures  is  called 
the  Ratio  of  Transformation.  The  ratio  of  transforma- 
tion of  well-designed  transformers  is  practically  equal   i 

to  -yf  when  the  secondary  circuit  is  open,  showing  Chat   I 

the  assumpt  'e  pressure  and  magnetic 

leakage  are  i  lercial  transformers,  when   I 

the  secondar  s  entirely  allowable.    An 

example  will  striking  manner.      In  a   , 

certain  tram  K.W.  capacity  the  resist- 

ance of  the  ically  i  ohm  and  the  in- 

ductance is  9. 1   henrys.  a  frequency  of  70  and  1 

pressure  of  2000  volts,  for  which  the  transformer  w« 
designed,  the  value  of  ^v^J^L'"^  is  16,000,000.  In  an- 
other transformer  of  11.25  K.W.  capacity  designed  fot 
2400  volts  primary  pressure,  the  value  of  the  primary 
resistance  is  6.45  ohms  and  the  value  of  4iryi"i* 
10,000,000.  In  three  other  transformers  designed  fo' 
1000  volts  pressure  and  respectively  of  7.5,  4.5,  and  i.i 
K.W.  capacity,  the  primary  resistances  are  1.16,  3.1}. 
and  8.90  ohms,  while,  at  a  frequency  of  125,  ^f^pi 
is  equal  respectively  to  100,000,000,  [35.000,000,  and 
400,000,000;  and  in  a  transformer  of  .5  K.W.  capacity 
the  primary  resistance  is  25  ohms  and  ^v^f^V^  is 
400,000,000.  In  each  of  these  cases,  which  represent 
common  practice  in  the  construction  of  transfonners, 
the  value  of  R'^  is  entirely  negligible  when  compared 
with  4ii^f^L'\  If  R''*  were  not  negligible,  it  would 
evidently  increase  the  ratio  of  transformation  (that  is,  f"'' 
a  given  impressed  primary  pressure  the  secondary  press- 
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"e  would  be  decreased)  on  account  of  the  loss  of 
"assure  due  to  the  current  flowing  through  R*. 

112.  Magnetic  Leakage.  — The  primary  and  secondary 
)ils  in  each  of  these  cases  are  so  sandwiched  together 
lat  magnetic  leakage  is  certainly  negligible  when  there 

no  current  in  the  secondary  coil.  A  case  when  leak- 
;e  is  always  present  is  shown  in  Fig.  193.  From  the 
gure  it  is  evident  that  if  there  is  no  current  flowing  in 
le  secondary,  the  counter  pressure  in  the  primary  will 


CL^a^a^a,  leakage  lines. 

b«  h,    U8EFUL  LINES. 

FifiT.  193 

^  greater  per  turn  of  wire  than  the  pressure  induced 
^  the  secondary  per  turn  ;  hence,  as  the  self-induced  or 
ounter  pressure  in  the  primary  is  practically  equal  and 
Pposite  to  the  impressed  pressure,  the  ratio  of  trans- 
^rmation  will  be  increased.  If  a  current  flows  in  the 
-condary,  the  self-induction  due  to  magnetic  leakage 
i  the  secondary  (}mcs  of  force  linking  with  the  sec- 
^dary  coil  but  not  linking  with  the  primary  coil)  will 
ill  further  reduce  the  active  secondary  pressure 
^e  ratio  of  transformation  will  be  further  i 
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The  effect  of  magnetic  leakage  in  i 
of  transformation  (decreasing  the  pr 
induced  in  the  secondary  by  decrea 
induction  passing  through  it)  is  shi 
ment  reported  by  Professor  Ryan. 
ment  recorded  by  him,  the  primary  ; 
were  wound  on  opposite  sides  of  a  1 
(Fig,  194)-  The  number  of  turns  c 
secondary  were  respectively  500  an 


FiR.  194 

When  a  pressure  of  75.6  votes  was  i 
primary  with  the  secondary  open, 
16.4  volts  was  induced  in  the  secor 
The  whole  difference  in  the  two 
magnetic  leakage,  and  the  magnitud 
shows  that  M  was  much  less  than 
■  '-^^ — ,  and  assuming  that  the 
magnetic  circuits  of  the  two  coils  were 


Some  EipcTimcTils  upon  AUcmating  Cutrent 
£.  £.,  Vol.  7,  p.  3*4- 
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by  Sect.  104).  The  magnetic  leakage  was  therefore 
,0  per  cent ;  that  is,  the  number  of  lines  of  force  that 
«ssed  through  the  primary  but  not  through  the  sec- 
ondary coil,  was  30  per  cent  of  the  total  magnetic 
nduction  set  up  in  the  magnetic  circuit.  The  effect 
>f  magnetic  leakage  on  a  transformer  is  analogous  to 
he  effect  produced  on  one  without  leakage,  of  insert- 
ng  coils  having  self-inductance,  or  Impedance  CoilSi  in 
the  primary  and  secondary  circuits  outside  of  the  trans- 
former (Fig.  195).      These  coils  would  have  such  self- 


TRANSFORMER 


nrfr^ 
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• 

*^ductances  as  to  increase  the  self-inductances  of  the 
primary  and  secondary  circuits  in  the  ratio  of  a  :  100, 
^here  a  is  the  magnetic  leakage  in  per  cent.  Since 
leakage  causes  a  proportional  increase  in  the  apparent 
5elf-inductance  of  the  primary  and  secondary  circuit,  it 
causes  an  equivalent  lag  of  the  currents  in  the  two 
circuits. 

113.  Exciting  Current.  —  In  the  case  of  an  ideal  trans- 
former without  losses,  the  lag  of  the  primary  current, 
'^hen  the  secondary  circuit  is  open,  is  90°  with  respect 

^  the  impressed  pressure  ;  for,  tan  <^'  =  ''-^,—   (Sect. 
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28),  and  Ji'  is  assumed  to  be  zero.  Since  the  Induced 
seconi3;iry  pressure  lags  behind  the  magTielism,  which 
is  in  phase  with  the  primary  current  when  the  sec- 
ondary circuit  is  open,  by  an  angle  of  go",  the  phases 
of  the  primary  impressed  pressure  and  the  secondary 
induced  pressure  are  exactly  iSo"  apart,  or  iAey  an 
in   exact  ii_  urrent  in  the  primary  cir- 

cuit  of   ail  r,  when   the   secondary  is 

open,  is  all  magnitude  which  dcpen^t 

only  upon  I  ,  /.',  of  the  primary  coiL 

The  losst  :sis  and  foucault   currcnU 

in  the  iron  icc  in  the  primary  coil  arc 

by  no   meaL_  commercial   transforraers, 

but  ari:  of  such  a  1  ie  as  to  decrease  the  lag 

of  the  primary  current  until  the  power  factor  of  the 
primary  circuit  is  ordinarily  between  50  per  cent  and 
80  per  cent,  when  there  is  no  current  in  the  scconrfaiy 
circuit ;  hut  the  magnetism  in  the  core  remains  in  phase 
with  the  wattless  component  of  the  primary  currcpt 
and  is  90°  behind  the  phase  of  the  primary  pressure, 
so  that  the  primary  and  secondary  pressures  an  s0 
in  opposition*  The  current  which  flows  in  the  primaij 
circuit  when  the  secondary  circuit  is  open,  may  the^^ 
fore  be  considered  as  composed  of  two  component!, 
one  of  which  supplies  the  energy  required  to  make  up 
the  transformer  losses,  and  tlie  other  of  which  sen'ffl 
simply  for  magnetizing  power,  and  is  therefore  wattless. 
This  primary  current  is  often  called  the  Lealcage  Cni- 

*  Fleming,  Experimenlal  Ruearchea  on  Alterluite  Current  TmuformM 
Jour.  /nil.  E.  E..  1892.  Ford,  Tests  of  Modern  Timnsfbtiners,  BtM- 
Univ.  i-f  Ifiicensin,  Vul.  1,  No.  11. 
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rent  or  Open-Circuit  Current,  but  a  more  satisfactory 
term  is  Exciting  Current.  The  term  Magnetizing  Cur- 
rent is  also  applied  to  the  exciting  current,  but  we 
^1  reserve  the  term  for  its  wattless  component  which 
is  truly  a  magnetizing  current. 

114.  Core  Magnetization.  —  The  maximum  magnetic 
induction  during  a  period,  in  the  iron  core  of  an  ideal 
transformer,  is  dependent  upon  the  maximum  value  of 
tte  current  in  the  primary  circuit,  the  effect  of  iron 
losses  being  omitted  by  assumption,  and  is  equal  to 


Ni 


=^ -^—^  =  I.2qV2— „*-=  1.77 — J^-j 


lOP 


77 


"^here  C'l  is  the  magnetizing  current  and  P  is  the  reluct- 
ance of  the  magngtic  circuit  at  the  time  that  the  current 
las  its  maximum  value. 

Closing  the  secondary  circuit  so  that  a  current  may 
A)w  in  it  under  the  impulse  of  the  induced  secondary 
pressure,  materially  changes  the  conciitions  heretofore 
^plained.  We  will  first  assume  that  the  secondary  cir- 
cuit is  without  self-inductance,  and  continue  to  neglect 
lysteresis  and  foucault  current  losses  in  the  iron  core 
smd  resistance  losses  in  the  windings,  in  which  case 
the  secondary  current  C"  will  be  in  unison  with  the 
induced  or  secondary  pressure,  E''.  This  current  has 
its  own  magnetizing  effect  on  the  magnetic  circuit.  If 
«'  and  r"  be  the  primary  and  secondary  currents  at 
any  instant,  the  total  magnetizing  force  in  the  circuit  is 

4ir(«V-f«'V)       -„       ,  AT  •     .u     •     .     . 

-— -i i  =  Jv.P,  where  M  is  the  instantaneous 

lO 

value  of  the  magnetic  induction,  and  P  is  the  assumed 
constant  value  of  the  reluctance  of  the  magnetic 

2F 
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From  this 

is  found 

^-a^-m 

and  whence 

4  TTw'                       h' 

a jC"  cosa  1 

la  —  n"C"  cosa^ 


—  2  n'n"CiC"  sin  a  COs  a 

where  C  is  the  effective  value  of  the  primary  current 
when  the  sL'condary  current  is  equal  to  C",  and  f,',  as  be» 
I'urf,  is  the  wattless  primary  current  when  the  secondary 
is  ojK-n.     Performing  the  integration  gives 

Remembering  ihat  CY  ;ind  C"  have  90"  difference  of 
phase,  the  three  terms  uf  this  formula  may  bo  repn.-- 
scnted  by  the  three  sides  of  a  right-angled  triangle 
(Fig.  196).  The  current  C,  which  flows  in  the  pri- 
mary when  the  secondary  is  loaded,  is  in  advance  of 
the  current  C^  by  an  angle  ^,  the  tangent  of  which 
shown  by  the  figure  to  be  tan'^  =  "  -•  We  \iA\ 
already  seen  that  C,    is  inversely  dependent  upon  th 
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nductaiice  of  the  primary  circuit,  and  therefore — 
1  the  value  of  «'  is  fixed — directly  upon  the  re- 
nce  of  the  magnetic  circuit,  which  in  commercial 
iformers  is  made  very  small.  Tan  yjr  is  therefore 
;   large  when  C"  has  any  considerable  magnitude 


Fig.  196 

fr  approaches  90°  as  C"  increases,  so  that  the  pri- 
and  secondary  currents  are  practically  in  opposite 
-s  in  a  well  loaded  transformer.  As  a  transformer 
uled  up,  its  power  factor  is  therefore  rapidly  in- 
ed.*     The  effect  of  the  secondary  current  on  the 


ompare  Hcminji,  Kxperimcntal  Researches  on  Alternate  Current 
urmcrs,  ^ottr.  hnt.  E.  K.,  Vol.  21,  p.  594;  Konl,  Tests  of  Modern 
ormcrs,  Buii.  Univ.  of  irisconsin.  Vol.  1,  No.  II. 
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primary  circuit  is  to  apparently  decrease  its 
tance  and  therefore  to  decrease  its  inipedanc 
lag  of  the  primary  current. 

lis.  Effect  of  Copper  and  Iron  Losses  on  F 
— Consideration  of  the  effect  of  C'^R,  hysl< 
foiicault  current  losses  has  thus  far  been  negl 
it  has  been  shown  that  the  effects  of  these 
by  no  means  negligible.  It  is  shown  in  Si 
that  the  effect  of  the  primary  resistance,  R', 
a  fall  in  the  secondary  pressure  and  theref 
crease  the  ratio  of  transformation.  The  res 
the  secondary  winding.  R",  evidently  acts  i 
decrease  in  the  pressure  at  the  terminals  of  t 
ary  and  therefore  to  increase  the  apparent  rati 
formation.  The  magnitude  of  the  apparent 
the  ratio  of  transformation  is  dependent  upc 
of  the  products  of  the  resistances  with  the  c 
the  respective  circuits;  that  is,  to  the  pressui 
to  pass  the  current  through  the  resistances 
cuits.  The  loss  of  pressure  at  the  secondarj 
in  volts,  due  to  this  cause,  when  current  C"  fi 
secondary  circuit  is 

V=C"R"  +  '^C'R', 
and  since  approximately,  with  core  losses  neg 

<:"='^c', 

this  is  v=  c"[r"  +  (rif^'X 

bl  lie  percentage  increase  of  the  ratio  of  tran 
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*  "cT/'  ^^^^^  ^"  ^^  ^^^  total  secondary  pressure,  the  ter- 

ninal  pressure  becoming  E"  —  V,  This  shows  that  the 
erminal  pressure  falls  off  proportionally  as  the  load  on 
he  secondary  of  the  transformer  is  increased,  if  the 
mpressed  primary  pressure  remains  constant.  The 
ormula  also  shows  that  an  ideal  transformer  {i.e,  one 
'without  resistance,  core  losses,  or  magnetic  leakage)  is 
nherently  self-regulating,  and  will  therefore  give  a  con- 
tant  pressure  at  the  secondary  terminals  at  all  loads  if 
ed  with  a  constant  primary  pressure. 

The  effect  of  core  losses  (hysteresis  and  foucault 
urrent  losses)  is  to  increase  the  primary  current  to  a 
ertain  extent  and  therefore  to  slightly  affect  the 
^gulation. 

116.  Perfect  Regulation  of  an  Ideal  Transformer. — The 
atements  of  the  preceding  section  may  also  be  proved 
;  follows  :  Considering  the  phases  of  the  primary  cur- 
nt  and  magnetization  to  be  practically  90°  apart,  then 
e  counter  electric  pressure  of  self-induction  is  in 
iposition  to  the  impressed  pressi^re,  and  the  active 
assure  in  the  primary  circuit  at  the  instant  when  th« 
pressed  pressure  is  a  maximum  is 

E'.  -  E>„  =  c'R', 

,  being  the  counter  electric  pressure  of  self-induction. 
;  this  instant  the  value  of  the  primary  current,  c\  is 

^  =  V2  C  sin  ^  =  V2  C  'i-^ 

ice  (Sect.  1 14)  sm  y^  = 

ft  \^ 
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The  counter  electric  pressure  of  self-induction  is  c 
dently  equal  to 


£".= 


£'V 


C'\R"  +  R)^ 


wnere  R  is  the  external  resistance  in  the  secondaj 
circuit.  Substituting  these  values  for  e'  and  f, »» 
dividing  by  Vi  gives 

E'  =  ?^  CR'  +  4  ^"  (^"  +  ^)' 

whence,  by  transposition, 

From  these  equations  it   is  seen  that  the   pressure  stl 

the  secondary  terminals.  C"R,  becomes  - — y  provided 

/„"\a  " 

{—\R'  and  R"   can  be  taken  as  very  small  in  coin- 

parison  with  R,  and  therefore  under  these  circum- 
stances the  secondary  pressure  is  constant  provided  tbf 
impressed  pressure  be  kept  constant.  An  ideal  Irani 
former  is  therefore  an  inherently  self-regulating  instn 
men/  for  Iransfonning  electric  currents  at  one  constat 
pressure  into  equivalent  currents  at  another  constm 
pressure,  and  the  faulty  regulation  found  in  commercu 
transformers  is  wholly  due  to  electrical  losses  and  wwj 
netic  leakage.  Ily  transforming  the  last  formula  inl 
the  equivalent  form  C"  —  C  — ,  it  is  seen  that  an  idet 
transformer  which  is  fed  with  a  constant  current  is  a 
^nhercntly  self-regulating  instrument  for  the  transform! 
1  of  that  current  into  an  equivalent  constant  turret 
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€r pressure.     In  this  case  the  primary  impressed 
;  will  vary  with  the  resistance  of  the  secondary 


Effect  on  Reflation  of  Self -inductance  or  Capacity 
dary  Circuit.  —  In  the  sei^ice  to  which  trans- 
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have  heretofore  been  generally  applied,  the 
n  of  incandescent  lamps,  the  external  secondary 
s  practically  non-inductive,  but  when  motors  or 
ps  are  operated  on  the  secondary  circuits  of 
mors,  they  may  add  a  consideral)le   inductance 
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to  the  circuits.  In  this  case  the  secondar)-  current  is 
caused  to  lag  behind  the  secondary  pressure.  The  rela- 
tion which  must  exist  between  the  secondai^-  and  primal)' 
ampere-turns  and  the  resultant  magnetizing  ampere-turns 
(Fig.  197)  shows  that  such  a  lag  of  the  secondary  cut' 
rent  must  ca'  n  the  lag  of  the  primary 

current    The  as  though  additional  self- 

inductance  w  e  circuit   of  the  pHmar)' 

coil,   and  an  <l  secondary  circuit  then- 

fore    causes  'ion    on    the  part  of  l^ 

transformer.  1  increase  in  the  ratio  of 

transformation  upon  the  resistance  and 

reactance  of  the  secondary  circuit,  since  tan  ^  =  — ^  ' 

The  effect  of  a  capacity  in  the  secondary  circuit  is 
exactly  opposite  to  that  of  an  inductance,  since  it 
causes  the  current  to  lead  the  pressure.  Consequently, 
a  secondary  circuit  having  capacity  tends  to  aid  rega-  \ 
lation,  and  may,  if  the  capacity  is  sufficient,  even  cause 
a  decrease  in  the  ratio  of  transformation.  That  is,  the 
pressure  in  a  secondary  circuit  may  be  increased  by 
the  mere  insertion  of  a  condenser. 

118.  Graphical  Method  for  Determining  Current  and 
Pressure  Relations.  —  The  effects  discussed  may  all  be 
shown  very  plainly  by  a  graphical  construction  based 
upon  the  triangle  of  electrical  forces  (Sect.  15),  In 
Fig.  198,  OC"  on  the  vertical  axis  represents  the  value, 
on  a  convenient  scale,  of  the  product  n"C".     If  the 

'ondary  circuit  may  be  considered  non-inductive,  as 
the  transformer  is  feeding  incandescent  lamps, 
:ondary  pressure  wave  is  in  unison  with  the  cur- 
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nd  OP^  may  be  taken  to  represent  the  value 
sition  of  the  pressure.     The  current  component 


Fier-  198 

s  effective  in  producing  magnetization  must  be 

advance  of   this.      Accepting  the  conventional 

I  direction  for  harmonic  rotation  as  left-handed 
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or  coaater-cluckwkc  the  magnettzing  ampcrv-lanu  n't  i 
moat  be  £aiti  ofi  on  the  borizocU^  Ime  to  the  right  ol 
the  Tenical  and  may  be  represented  by  OC^.  The  3°^ 
pcre-tDTTu  o(  tbe  jKun^ry,  vriicn  C^'  flows  in  Ihe  second- 
ary-, are  found  by  oompleting  the  parallelogram  on  OC 
of  wfaicfa  OC{  is  tbc  diagonal  This  gives  the  line  OC 
to  represent  m'C.  In  order  that  the  diagram  may  '« 
readily  inteOigiUe  the  value  of  h'C^'  is  taken  as  about 
^  o(  VC",  while  in  coroniercial  transformers  it  is  g<3i- 
erally  less  than  ^  of  m"C"  and  is  sometimes  as  smal' 
**  A  *"'  iV  of  ""C^'-  The  angle  I'OC  in  the  di^Tso 
is  therefore  much  exaggerated  in  comparison  with  iis 
value  in  commercial  transformers. 

It  now  remains  to  find  the  value  and  position  o.  tin;     ' 
impressed  primary  pressure.     This  is  the  resultant    1 
the  counter  pressure  of  self-induction  in  the  primat)    . 
circuit,  E,',  and  the  active  pressure  —  the  pressure  which  I 
is  effective  in  making  up  the  losses  in   the  magnetic  I 
circuit  caused  hy  hysteresis  and  foucauh   currents  and 
in  the  conductors  of  the  primary  coil  caused  by  its  re- 
sistance.    The  second  component  of  the  pressure  is  in 
unison  with  the  primary  current  and  may  be  laid  off  on 
the  line  OC,  its  length  being  OB^     The  self-inductive 
[irimary  pressure   is   in    unison  with  and  in   the  same 
direction   as   the   induced   secondary   pressure,   and   is 

■qual  to/;"— ^  if  M  =^^ V L".     It  is  represented  in  the 

Completing   the   parallelogram   gives 

hich  represents  the  direction  and  magni- 

if  tlir  ini]iressed  electric  pressure.     In  the  figure 

IVOC  =  4,',  and  the  angle  C'OCi'  =  +.     The 
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ases  of  the  pressures  and  currents  are  shown 
ative  angular  positions  of  the  lines  radiating 
The  value  of  the  primary  current  is  taken 
Dm  the  length  of  the  line  OC      When  the 


Ef-     Fig.  199 

circuit  is  open,  the  construction  is  similar  to 
ing,  but  the  value  of  the  primary  CR  loss 
kin«;  the  length  of  OE*  slightly  smaller  (Fig. 
;  exciting  current  is  taken,  as  before,  directly 
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from  the  length  of  the  line  OC,  and  the  figures  sboi 
that  the  1  alio  of  transformation  is  increased  by  loadin 
the  tratisiormcr  on  account  of  the  drop  of  ptessurc  i 


Pig.  200 
the  windings.     The  figures  plainly  show  that  the  d 
ation  of  the  secondary  pressure  from  the  form  of 
imary  pressure  is  proportional  to  the  value  of  C 
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ystcresis  and  foucault  current  losses  may  be 
id  to  be  independent  of  the  secondary  current 
127). 


effect  of  inductance  in  the  external  secondary 

is  shown  in  Fig.  200.     As  before,   OC^  repre- 

:he  secondary  ampere-turns  n^'C'\     If  it  is  sup- 
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posed  that  the  inductance  in  the  secondary  circuit  be 
sufficient  to  cause  a  lag  of  «t",  then  the  induced  second- 
ary pressure  is  in  advance  of  the  current  by  an  angle 
^",  and  in  represented  in  magnitude  and  direction  by 
OE".  The  position  of  the  magnetizing  ampere-turns 
is  90°  in  advance  of  0£",  and  is  represented  by  0C{- 
Completing  on  OC"  and  0C{,  gives 

OC     The  p  pressure  is  then  founii 

as  before,  and  l*igs.  ig8  and  200  sliows 

that   the  sell  le   secondary   circuit  in- 

creases 0'. 

A  similar  a  ng  the  effect  of  capacity. 

is  given  in  Fig.  201.  This  ffers  from  the  preceding 
only  on  account  of  the  secondary  current  leading  tlw 
pressure. 

119.  Transformatioa  from  Constant  Pressure  to  Cffl- 
stant  Current. — The  effect  of  magnetic  leakage  can 
also  be  siitisfactorily  shown  in  the  same  manner  (Fig- 
202).  Renicmbcring  that  the  effect  of  leakage  is  tbe 
same  as  that  of  self-intluctance  coils  placed  in  the  pri- 
mary and  secondary  circuits,  the  construction  is  exactly 
the  same  as  in  the  case  of  a  transformer  working  on  3n 
inductive  secondary  circuit,  with  an  additional  correction 
applied  to  the  angle  of  lag  between  the  primary  press 
ure  and  current  to  account  for  the  direct  effect  of  the 
leakage  on  the  primary  circuit.  The  construction  shows 
that,  as  the  leakage  is  increased  so  that  the  secondary 
angle,  of  lag  tfj"  approaches  90°,  the  deficiency  in  the 
inherent  tendency  to  regulate  for  constant  pressure  be- 
comes so  great  that  the  secondary  terminal  pressure 
actually  tends  to  vary  inversely  with  the  current.     Such 
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a  transformer  would  therefore  tend  to  transform  a  van* 
able  current  at  constant  pressure  into  a  constant  current 
at  a  variable  pressure,  which  would  enable  it  to  be  used 
for  series  arc  lighting  from  a  constant-pressure  circuit 
When  the  lag  angle  becomes  90^,  the  transformer  can 
of  course  do  no  work,  consequently  it  is  impossible 
to  get  very  exact  regulation  in  thus  transforming  from 
constant  pressure  to  constant  cuirent,  but  it  is  possible 
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to  arrange  the  transformer  so  that  the  percentage  can 
be  varied  when  necessary  by  partially  closing  a  shunt 
magnetic  circuit  by  a  slab  of  iron  strips,  as  was  first  pro- 
posed by  Elihu  Thomson  (Fig.  203).  Figure  204  shows 
the  results  of  a  test  of  a  Wood  transformer,  in  which 
the  constant-current  regulation  is  wholly  due  to  mag- 
netic leakage.  In  the  upper  half  of  the  figure,  one 
curve  shows  the  efficiency  as  a  function  of  the  current 
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le  secondary  circuit,  and  the  other  curve  shows  the 
rnal  characteristic,  or  the  secondary  terminal  press- 
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}  a  function  of  the  secondary  current.     The  lower 
.f   the  figure  has  curves  which  show  the  watts  in 
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the  primary  and  secondary  circuits  as  a  function  of 
secondary  current.     The   crosses  on   the  curves  sb 

the  points  corresponding  to  normal  load,  which  is  t 
required  to  operate  one  arc  lamp.  The  primary  pri 
ure  of  this  transformer  was  lOCX)  volts. 

When  ■'     '     '  makes   itself   evident  ii 

transforn  idary  circuit  open,  the  [ 

ceding  t  to  const  ant -pressure   rcyi 

tion  arc  :  ratio  of   transformalioa 

no  longe  n  well-built  transformers 

signed  f  re,  magnetic  leakage  is  i 

likely  to  Ue  ot  much  magnitude,  and  in  fact  it  cano 
be  brought  to  a  large  value  by  making  the  space  ix: 
pied  by  the  primary  and  secondary  coils  very  la 
compared  with  the  cross-section  of  the  iron  core, 
using  iron  of  a  low  permeability,  or  by  specially  am 
ing  leakage  paths. 

120.  The  Effects  of  Variable  Reluctance,  Hysteie 
and  Fouc&ult  Currents  on  the  Form  of  the  Primary  C 
rent  Wave. — In  the  preceding  discussions  it  has  b" 
assumed  that  the  reluctance  of  the  magnetic  circuit: 
transformers  can  be  taken  at  an  average  constant  va 
which  is  practically  equal  to  that  when  the  currcn 
at  its  maximum  point.  The  low  induction  whicl 
used  in  commercial  transformers  as  ordinarily  i 
structcd,  makes  this  assumption  entirely  allowa 
though  it  is  by  no  means  exact.  If  the  induction 
pushed  above  the  bend  in  the  curve  of  magnetizat 
however,  the  influence  of  the  lowered  permeability 
the  iron  becomes  marked.    The  curve  OM  in  Fig. 
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e  taken  to  represent  the  curve  of  magnetization 
:ransformer  core,  plotted  with  ampere-turns  as 
>as  and  volts   induced  in  the  primary  windings 
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inates,  supposing  the  effect  of  hysteresis  to  be 
ble.  Then  when  the  magnetizing  turns  equal 
:he  induced  pressures  in  the  primary  and  second- 
cuits  are  reduced  from  E^  and  E^ ^  which  would 
:hed  with  a  constant  reluctance,  to  E^^i  and  E^\ 
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The  construction  shows  thai  this  decreases  the  angle  c 
lag  between  the  primary  current  and  pressure,  and  make 
necessarj'  more  turns  of  wire  on  the  primary  and  sec- 
ondary coils  in  order  that  a  given  output  may  be 
obtained.  Since,  in  this  case,  the  permeability  varies 
through  each  oeriod  with  the  magnetizing  ampere- 
turns,  thci  variation  of  ^',  and  the 
primary  ci  istorted  from  the  form  of 
the  primal                                sure  wave. 

The  effe  v  the  core  of  a  transformer 

is  to  distoi  ^  primary  current  wave  M 

a  still  nion  than  would  magnetic  satu- 

ration alone,  aim  the  ni  ;r  the  maximum  magflelic 
density  is  carried,  the  greater  the  distortion  becuniiS- 
The  ordinates  of  the  primary  current  wave  are  at  aci 
instant  proportional  to  the  difference  of  the  correspond- 
ing ordinates  of  the  primary  pressure  wave  and  llw 
wave  of  counter  electric  pressure.  The  latter  is  of 
course  exactly  similar  to  the  form  of  the  secondary 
pressure  wave.  With  the  primary  pressure  wave  sinusoi- 
dal and  an  approximately  uniform  magnetic  reluctance 
the  primary  current  wave  would  be  sinusoidal.  With » 
variable  reluctance,  but  no  hysteresis,  the  current  wave 
becomes  peaked,  but  remains  symmetrical ;  but  wlw 
hysteresis  is  taken  into  account,  the  symmetrical  for" 
is  lost.  This  is  conveniently  illustrated  by  Figs.  20* 
and  207.  In  Fig.  206  the  heavy  line  represents  the 
hysteresis  cycle  for  a  piece  of  wrought  iron,  and  the  liW 
d'Od  may  be  taken  to  represent  the  cyclic  curve  of  uai- 
netization  which  would  be  given  by  the  iron  if  hystf 
resis  were  absent.     In  Fig.  207  the  curve  Af  represents 
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the  curve  of  magnetic  induction  in  a  transformer  with  its 
ordinates  plotted  on  the  sUme  scale  as  Fig.  206.  When 
the  transformer  is  worked  with  its  secondary  circuit  open, 
the  drop  of  pressure  due  to  the  exciting  current  flowing 
through  the  primary  winding  is  negligible,  so  that  the 
primary  impressed  pressure  at  each  instant  is  propor- 
tional to  the  tangent  of 
the  curve  of  magnetism 
and  is  90°  in  advance  of 
the  magnetization.  In 
this  case,  the  curves  of 
pressure  and  magnetism 
are  assumed  to  be  sinu- 
soidal. The  tangent 
relations  between  the 
curves  of  magnetization 
and  pressure  (Sect.  ^^) 
niust  exist  as  long  as 
CR^  is  negligible.  As 
an  illustration  of  the 
fact  that  the  self-in- 
duced pressure  is  of 
the  same  form,  and  is 
equal  and  opposite  to  the  impressed  pressure,  and  that 
the  exciting  current  varies  in  such  a  way  as  to  furnish 
this  induced  pressure  in  a  transformer  with  the  second- 
ary open  (supposing  the  C^R  losses  negligible),  we 
may  consider  an  inductance  coil  of  negligible  resist- 
ance with  a  sinusoidal  pressure  {E)  of,  say,  100  volts 
impressed  upon  it.  Suppose  the  frequency  is  127 J,  the 
self-inductance  (Zi)  is  .01  of  a  henry,  and  the  resistance 


454  ALTERNATING   CURRENTS,  ^H 

is  negligible;  then  z-7tfL^=%  will  be  the  impedance 
(see    Chap.   IV.).      The   current   (C^   flowing  will  be 

'- — =  13.5  amperes  with  a  lag  angle  ot  go".    The 

inductive  pressure  (A",)  will  be  2  ir/L^C^  =  \oo  toIis, 
which  is  equal  and  opposite  to  the  impressed  pressure. 
Suppose  the       ■-■    ■  /_^   change  to  /.j  =  .005; 

then  the  curi 

^25, 


as  before.  It  is  seen  that  whatever  value  the  self- 
inductance  may  have,  the  exciting  current  will  take 
such  a  magnitude  that  the  counter  pressure  of  scK- 
induction  will  be  equal  and  opposite  to  the  impressea 
pressure.  As  the  reluctance  of  the  magnetic  circuit 
is  proportional  to  the  self-inductance,  when  the  relw 
tancc  changes,  the  exciting  current  flowing  will  change 
so  that,  as  before,  the  counter  pressure  will  equal  tl" 
impressed  pressure.  Now,  neglecting  hysteresis,  when 
the  magnetism  is  carried  through  the  cycle  OdOi'O 
(Fig.  206),  the  current  corresponding  to  each  ordin*" 
of  the  curve  M  in  Fig.  207  must  be  proportional  to 
the  current  required  to  produce  the  corresponding  m^' 
netization  in  Fig.  206.  In  this  way  curve  C.  is  plottai 
to  represent  the  wave  of  exciting  current  in  the  trans- 
former  if  there  were  no  hysteresis  in  the  iron.  This 
curve  is  symmetrical  and  of  the  same  phase  as  curve  M. 
and  it  represents  tlu  true  wattltss  vtagnetising  currtitt. 
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is  easy  to  plot  the  curve  which  shows  the  form 
xciting  current  of  the  transformer  with  the  effect 
ystcresis  included,  since  it  is  only  necessary  to  plot 
urrent  ordiiiates  in  Fig.  207  the  currents  which 
esponi]  to  the  various  values  of  the  magnetization 
he  hysteresis  cycle.  This  curve  is  curve  C  in  Fig, 
It  may  be  considered  as  made  up  of  a  wattless 
netizing  component,  C„  and  an  active  component 
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raused  by  hysteresis.  The  ordinates  of  the  active 
ponent  are  proportional  to  the  differences  of  cor- 
onding  abscissas  of  the  curve  of  magnetization  and 
hysteresis  cycle  (Fig.  206),  and  the  curve  is  nearly 
soidal.  The  co-ordinates  of  the  points  b  and  b' 
ig.  206  are  not  altered  by  hysteresis  and  the  effect 
ysteresis  therefore  does  not  alter  the  position  or 
nitude  of  the  maximum  value  of  the  exciting  cur- 
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rent,  though  it  distorts  and  enlarges  the  loop  of 
curve,  and  advances  its  zero  points  slightly  so 
the  equivalent  lag  angle  becomes  slightly  less  than 
The  effect  which  foucault  currents  in  the  core 
upon  the  exciting  current  may  be  shown  in  a  sii 
manner.  The  instantaneous  value  of  the  portion  a 
exciting  current  which  is  required  to  make  up  the  L 
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due  to  foucaulc  currents  at  any  moment  is  equal  to 
corresponding  instantaneous  value  of  the  foucault 
rent  loss  divided  by  the  instantaneous  value  of 
primary  pressure.  The  foucault  current  loss  ma 
represented  by  the  symmetrical  cycle  shown  in 
208,  where  the  ordinatcs  and  abscissas  are  respect 
proportional  to  the  magnetism  and  its  rate  of  chi 
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e  area  of  this  cyclic  curve  is  proportional  to  the  total 
cault  current  loss.  Its  effect  on  the  total  core  loss 
y  be  shown  by  plotting  a  cycle  having  abscissas 
lal  to  the  arithmetical  sum  of  the  corresponding 
►cissas  of  the  hysteresis  and  eddy  cycles  (Fig.  209). 
lally,  the  total  transformer  exciting  current  may  be 
tted  from  this  as  shown  by  C*  in   Fig.  207.     It   is 


FiflT.  210 

dent  that  the  hysteresis  and  eddy  components  of  the 
citing  current  add  directly  together,  giving  the  total 
tive  component  C^,  which  is  nearly  sinusoidal  when 
e  impressed  pressure  is  sinusoidal.  If  the  foucault 
rrent  cycle  has  a  large  area,  its  effect  may  cause  a 
:kwards  displacement  of  the  maximum  point  in  the 
:iting  current. 
iVhen  the  secondary  circuit  is  closed,  the  form  of  the 
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primary  curreol  is  changed  by  Ihc  effect  of  liic  ffiC- 
ondary  current  In  Fig.  210,  curve  E'  reprtsents  the 
primaty  pressure  curve,  n'C  represents  the  exciting 
current  times  the  primarj  turns.  Now,  if  by  closing 
the  Bccoiiilary  circuit  through  the  non-inductiTC  rcsut 
ance,  a  currenl  C"  is  caused  to  flow,  and  its  ampcr^ 
turns    may    be   represented    by   the  curve  ti'C',  '"^ 


effect  of  the  current  flowing  in  the  secondary  is  to  ou* 
a  corresponding  increase  in  the  current  flowing  in  tk 
primary  (Sect.  114),  and  the  ampere-turns  of  thisifr 
crease  may  be  represented  by  curve  t^C^.  The  toul 
primary  wave  is   simitar  to  curve  n'C,   which  is  the 

of  n'C{  and  n'C^,  and   the  primary  current  may  I 

be  directly  shown  from  this  curve  by  a  simple  change 

scale.     It  is  thus  shown  by  these  figures  that  the 
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secondary  current,  when  in  phase  with  the  secondary 
pressure,  tends  to  reduce  the  distortion  and  lag  of  the 
primary  current,  exactly  as  has  already  been  proved 
analytically  (Sect,  1 14).  If  the  secondary  circuit  were 
inductive,  the  effect  would  be  altered  so  that  the  h% 
of  the  primary  current  wouid  be  larger,  as  shovfn  in 
Fig.  211,  an  been   proved  (Sects,  n? 

-and    118).  J    213   show   transformer 

curves   expe  ed   by   Professor   Ryan,* 

and  which  s  esemblance  to  the  hypo- 

thetical curv  he  loss  cycles. 

.  £.,  Vol.  7.  p.  7,. 
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CHAPTER   XI. 

EFFICIENCY    AND    LOSSES     IN     TRANSFORMERS. 

21.  Transformer  Core  Losses  and   Magnetic  Densi- 

.  —  The  commercial   efficiency  of  a  transformer  is 

ratio  of  the  electrical  output  of  the  secondary  coil 

he  corresponding  power  absorbed  by  the  primary 

It  may  be  written 

IV"  W" 

V  = 


ire  W  and  W"  are  the  power  absorbed  and  de- 
Ted  respectively  by  the  primary  and  secondary  coils, 
1  L  is  the  total  loss  in  the  transformer.  This  total 
;  is  made  up  of  the  C^R  losses  in  the  primary  and 
ondary  coils  and  the  losses  due  to  hysteresis  and 
:ault  currents  in  the  core.  The  C^R  loss  in  the 
Dndary  winding  is  directly  proportional  to  the  square 
he  load  (secondary  output),  while  the  C^R  loss  in 
primary  is  nearly  proportional  to  the  square  of  the 
,  though  it  contains  a  small  approximately  con- 
t  term  due  to  the  exciting  current  (Fig.  214).  The 
ercsis  and  foucault  current  losses,  which  together 
titute  the  Iron  Losses  or  Core  Losses,  have  been 


alternating;  currents. 


i 


shown  experimentally  to  be  independent  of  the  load.* 
The  hysteresis  loss  is  directly  proportional  to  the  fre- 
quency and  approximately  proportional  within  the  limits 
of  magnetic  density  used  in  practice  to  the  1.55  or  1.6 
power  of  the  magnetic  density.  The  foucault  current 
loss  is  proportional  to  the  square  of  both  the  frequencj 
and  the  magnetic  density.  Consequently,  for  iised 
values  of  the  iron  losses  in  transformers  designed  for 
use  with  different  frequencies,  the  magnetic  density 
should   vary   inversely   with    some   power   of   the  la- 


^ 

^^ 

^ 

»- 

^ 

^"^ 

^^ 

== 

=s* 

Fig,  214 

quency  between  one  and  a  half  and  two.  The  table  io 
Section  97  gives  satisfactory  values  of  magnetic  dena- 
ties  to  be  used  in  transformers  for  various  frequencies, 
though  the  values  there  given  are  commonly  exceeded 
in  American  transformers. 

The  actual  magnetic  densities  aimed  at  in  recent  trans- 
formers of  one  large  maker  may  be  represented,  for  a 
frequency  of  133,  by  the  following  formulas  and  the  first 
curve  shown  in  Fig.  215.  Where  the  output  is  beloff 
_  250,000 


•  Ewing,  The  Dissipalion  of  Energy  through  Rcveisali  of  Magnet 
the  Core  of  a  Transformer,  Lsndon  Eleclricinn,  Vol.  iS,  p.  ill;  twii 
KlaiSien,  Magnetic  Qualities  of  Iron,  Lendoa  EUttriiian,  Vol,  JJ,  p.  Jl} 
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utput  is  above  1500  watts,  3^,^  =  35oo-  These  trans- 
ormers  may  be  used  on  circuits  having  frequencies 
rem  60  to  135,  in  which  case  magnetic  densities  are 
nversely  proportional  to  the  frequencies.  In  older 
transformers,  where  poorer  iron  was  used,  the  densities 
limed  at  by  the  .same  maker  are  shown  by  the  second 
:urve  of  Fig.  215. 

The  magnetic  densities  in  the  transformers  of  another 
arge  manufacturer  lie  between  3600  and  2800  at  a 
requency  of  125,  in  transformers  of  capacities  between 
;oo  and  30,000  watts.  Similar  magnetic  densities  are 
limed  at  in  the  transformers  of  a  third  large  manu- 
acturer,  and  all  successful  American  manufacturers 
^eep  pretty  closely  within  these  limits. 

The  percentage  which  the  core  losses  bear  to  the  out- 
put in  well-designed  transformers  varies  greatly.  The 
verage  for  transformers  not  smaller  than  6  K.W. 
apacity  and  not  larger  than  20  K.W.  capacity,  may 
•e  said  to  range  between  |  and  2  per  cent.  For  smaller 
ransformers,  this  percentage  increases.  For  3  K.W. 
ransformers  2  per  cent  is  a  fair  value,  though  3  per 
ent  is  exceeded  in  some  transformers  of  this  size ;  and 
ir  500  watt  transformers  5  per  cent  is  not  bad. 

First  class  transformers  should  have  core  losses  not 
xceeding  the  following:  i   K.W.,  30  watts;   i^  K.W., 

0  watts ;    2    K.W.,    50   watts ;    2J  K.W.,   60   watts ; 
K.W.,   80  watts;   6\  K.W.,   100  watts;    17J  K.W., 

50  watts.  Intermediate  sizes  will  have  proportional 
'sses.     In  some  transformers  these  figures  are  bettered 

1  the  higher  commercial  frequencies,  as  in  the  case  of 
^o  of  7500  watts  capacity,  built  by  different  makers, 
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/hich  the  core  losses  varied  from  75  to  125  watts 
ending  on  the  frequency,  the  test  frequencies  being 
nd  125.* 

he  following  table  of  the  exciting  currents  of  good 
sformers  is  taken  from  the  results  of  numerous 
>  by  Professor  Ryan.f 


Capacity. 

Exciting  Current. 

Approximate  Per  Cent  of 
Primary  Full  Load  Current. 

250 

.040  Ampere 

14. 

500 

.050        " 

7-2 

IOCX> 

.055        " 

5.0 

2000 

.080       " 

3.8 

6500 

.100        " 

1-5 

17500 

.200        " 

I.I 

[le  data  of  this  table  were  gained  from  tests  of 
sformers  of  various  makers  designed  for  a  primary 
sure  of  1000  volts  at  a  frequency  of  133,  but  are 
er  high  for  the  better  grade  of  transformers. 
2.  Copper  Losses. — The  C^R  loss  in  transformers 
rdinarily  between  \\  per  cent  and  3 J  per  cent. 
\  is  divided  with  approximate  equality  between  the 
lary  and  secondary  windings.  Sometimes  this  loss 
jrmitted  to  reach  5  per  cent,  but  in  the  better  trans- 
lers  it  is  more  often  between  2  per  cent  and  3  per 
The  primary  and  secondary  coils  of  good  com- 
:ial    transformers  of  later  design   are  so  disposed 

BuU.     Univ.   of  Wisconsin^  Vol.    I,  No.    Ii;    Jackson,   Electrical 
nai.  Vol.  I,  p.  78,  and  N.   Y.  Elect.  Engineer ^  Vol.  20,  p.  183. 
Ryan,  The  Efficiency  of  Alternating  Plants,  N.   Y.  Elect.  En^neer^ 
13,  p.  12. 

2H 
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that  the  magnetic  leakage  is  practically  negligible, 
though  in  earlier  transformers  this  was  not  true.*  C( 
sequentiy,  the  change  in  the  ratio  of  transformation 
causing  a  drop  in  the  secondary  pressure  as  the  load 
increases,  is  practically  ali  caused  by  the  copper  losses. 
If  the  total  C^R  loss  is  equally  divided  between  ibf 
primary  and  igs,  and  magnetic  leakage 

is    negligihl  relations   exist   for  trans- 

formers hav  :ircuit  wholly  of  iron; 

and,  approximately, 

C"     k     C" 
where  k  is  the  ratio  of  transformation.     — ^  is  usuillif 
very  small  compared  with    ■ 

123.  Rise  of  Temperature  and  Radiating  Surface. 
The  windings  of  transformers  are  usually  embeddd 
largely  in  the  iron  core,  and  the  whole  transformer  ii 
enclosed  in  a  water-proof  iron  case;  and  their  rise  0 
temperature  is  as  much  due  to  the  heating  o 
core  by  core  losses  as  to  the  copper  losses.  If  trans 
formers  were  placed  in  the  open  air,  the  entire  extern) 
surface  could  be  assumed  to  be  effective  in  dissipatini 
heat  by  radiation   and  convection,   but   on  account  C 

•  Ryan,  T ram.  Amtr.  Jmt.  E.  £.,  Vol  7,  p.  n. 


EFFICIENCY   AND   LOSSES.  467 

he  enclosing  case,  convection  from  the  surface  can- 
lot  take  place,  and  all  the  heat  must  be  radiated  to  the 
i^all  of  the  case,  or  conducted  thereto  through  the  poor 
eat  conductors  which  are  used  to  electrically  insulate 
he  transformer  from  its  case.  The  conditions  there- 
3re  point  to  the  conclusion  that  for  a  given  liberation 
f  heat  per  square  centimeter  of  surface,  the  tempera- 
Jre  is  likely  to  be  higher  in  transformers  than  in 
ynamo  fields.  On  the  other  hand,  transformer  coils 
lay  always  be  designed  to  be  lathe  wound,  and  there- 
>re  may  be  more  effectually  insulated  than  dynamo 
eld  coils ;  and  as  space  is  not  so  valuable  in  transfor- 
mers, more  liberal  use  may  be  made  of  mica,  varnished 
invas,  fibre,  and  wood.  It  is  therefore  possible  to 
ifely  run  transformers  with  the  windings  at  a  consid- 
'ably  higher  temperature  than  dynamos,  and  60°  Centi- 
~ade  (108^  F.)  may  be  set  as  a  safe  limit  to  the  rise  in 
mperaturc.  A  high  temperature  limit  has  a  marked 
sadvantage  in  causing  an  undue  drop  in  pressure  as 
le  transformer  heats  up,  by  increasing  the  resistance 
the  windings,  and  while  many  transformers  exceed 
e  temperature  limit  named,  many  of  the  best  types 
oid  the  difficulty  from  drop  in  the  i)ressure  by  not 
ceeding  40°  rise.  As  the  rise  in  temperature  also 
:reases  the  electrical  resistance  of  the  iron  core,  it 
:reases  the  foucault  current  loss,  so  that,  as  sug- 
>ted  by  Elihu  Thomson,  it  would  be  advantageous 
have  the  core  of  a  transformer  operated  at  a  high 
iperature  while  the  windings  were  kept  cool.  This 
mot  be  conveniently  arranged  in  small  transfor- 
rs,  but  the  cooling  of  the  conductors  of  very  large 
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transformers  has  been  effected  by  making  the  con* 
ductors  tubular  and  passing  a  cool  liquid  through  them. 

It  is  practically  impossible  to  fix  any  averages  for  the 
external  surface  of  transformers  per  watt  lost  in  the 
core  and  windings,  on  account  of  the  very  varied 
arrangements  of  the  coils  with  reference  to  the  con, 
and  the  effect  of  the  containing  case.  For  small  and 
medium  transformers  it  is  usual  to  make  the  design  as 
compact  as  possible,  and  no  particular  trouble  from 
heating  is  experienced  if  the  losses  are  not  excessive^ 
since  the  losses  ought  to  be  quite  small.  In  large  trans* 
formers  the  same  plan  may  be  adopted,  and  some  device 
may  be  arranged  for  cooling  the  conductors,  such  as  cir- 
culating a  liquid  through  them  or  blowing  air  through 
ducts  in  the  core.  Figure  215  ^?  shows  the  rise  of  tera« 
perature  of  the  conductors  as  a  function  of  the  period  of 
operation  of  a  200  K.W.  air-blast  transformer  with  and 
without  the  blast.  Point  D  shows  the  temperature  of 
the  discs  after  the  transformer  had  been  operated  seven 
hours  with  blast  on  ;  curve  A  shows  the  temperature  of 
the  windings  when  operated  at  full  load  without  blast; 
curve  B  shows  the  temperature  of  the  windings  when 
operated  at  full  load  with  blast  of  1040  cubic  feet  per 
minute ;  and  curve  C  shows  the  temperature  of  the  air 
issuing  from  the  transformer.  The  core  and  windings  of 
some  transformers  are  immersed  in  oil,  which  fills  thecas^ 
so  as  to  give  a  better  opportunity  for  the  heat  to  escape 

124.   Current  Density   in  Transformer   Conductors.-^ 
The  current  density  in  transformer  windings  varies  be- 
tween I  OCX)  and  2000  circular  mils  per  ampere.     It  isj 
not  unusual  to  make  the  density  somewhat  smaller  ini 
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the  secondary  than  in  the  primary,  and  the  values  in 
the  best  transformers  frequently  fall  between  1000  and 
1500  circular  mils  per  ampere  for  the  primary  coil,  and 
between  I2CX)  and  2000  for  the  secondary  coil.  On  the 
other  hand,  some  designers  make  the  density  of  current 
greater  in  the  secondary  windings,  while  others  make 
the  density  about  the  same  in  each.     As  the  primary 
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^ire  of  nearly  all  commercial  transformers  is  much 
'trailer  than  the  secondary  conductor,  insulation  takes 
ip  much  more  space  in  the  primary  coil,  and  this  coil 
K^cupies  more  space  than  the  secondary  coil  unless  the 
Primary  current  density  is  considerably  greater. 

125.  Testing  Transformers. — Methods  for  testing  the 
fliciency  of  transformers  and  for  determining  their 
Ore  losses  have  received  a  large  amount  of  attet\l\OTv. 
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Till;  more  important  mtrthads  are  explained  in  tbe  fbt 
lowing  pages, 

Transformers  are  ordinarily  worked   on   loads  com- 
posed   of    incandescent    lamps,   which    are  practically 
non-inductive,       Consequently  there  is  no  difficulty 
determining  '•"■  ""-"o,-  ;r,  tu^  secondary  circuit,  since 
the  indicatic  nperemeter  and  voltmeter 

are  sufficier  n    watts    is    given  by  the 

product  of  t  ice  the  current  and  press- 

ure agree  in  omposed  of  a  liquid  resist- 

ance serves  the  load  is  composed  of » 

iion-inductivi  which  is  not  appreciably 

healed  by  the  current  deuvi  ;d  by  Che  transformer,  lie 
readings  of  the  amperemeter  and  voltmeter  may  be 
checked  by  comparing  their  indications  with  the  mair 
urcd  values  of  the  resistance. 

Thi' measurement  of  the  power  absorbed  bythepti- 
m.iry  is  not  so  simple,  since  the  current  and  pressure 
not  agree  in  phase.     The  same  is  true  of  the  measure- 
ments in  the  secondary  circuit  if  the  load  is  reactive, 

I,  /iyita's  and Mfrritt's  Mtthod.  —  One  of  the  earliest 
thorough  tests  on  commercial  transformers  was  that 
carried  out  by  Professors  Ryan  and  Merritt 

In  this  series  of  tests  the  curves  of  current  ani 
electric  pressure  were  determined  by  Ryan's  methoi 
(Sect.  7S.  4).  and  the  effective  values  of  these  quantiilS 
and  of  the  power  in  the  circait  were  determined  from  tin 
curves,  by  the  first  method  given  in  Section  81,  except  ii 
the  case  of  the  secondary  current,  which  was  direct!! 
measured  by  an  anipcrcmeler.  The  connections  af 
•  Tf-Mt. /lawr. /au.  £.  £..  VuL  7,  p.  Ij  EiM.  ITWM  VU.  14.  f^  41I 
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shown  in  Fig.  216;  T  is  the  transformer,  MM  are  the 
primary  leads  to  the  transformer,  LL  are  incandescent 
lamps  connected  as  load  to  the  secondary,  KK  is  a  non- 
inductive  resistance  connected  across  the  primary  leads, 
/is  an  amperemeter,  ^  is  a  contact  maker,  E  is  a,  Ryan 
electrometer  with  accompanying  devices,  and  GG  is  a 
series  of  switches.     The  object  of  these  switches  is  to 
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Fig.  216 


ronnect  the  contact  maker  alternately  with  different  parts 
)f  the  circuit,  so  that  the  curves  of  primary  and  second- 
iry  pressure  and  primary  current  may  be  traced. 

The  curve  of  pressure  at  the  terminals  of  the  non- 
nductive  resistance  R  is  evidently  the  same,  if  taken 
:o  a  proper  scale,  as  the  curve  of  secondary  current. 
In  order  to  avoid  handling  the  large  primary  pressure 
it  the  contact  maker  and  electrometer,  the  calibrated 
resistance  KK  is  used.     The  curve  of  pressure  taket^ 
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between  any  two  points  on  this  resistance,  when  i 
a  proper  scale,  is  evidently  the  same  as  the  cur 
total  pressure.  For  the  non-inductive  resists nc 
and  KK,  Ryan  and  Mtrritt  used  incandescent  1 
which  they  had  "rated." 

These  tests  were  carried  out  on  a  ten-light  {goo 
transformer  when  operated  with  the  secondary  ci 


I 


PlR.  317 

open,  and  with  the  secondary  loaded  respectively 
one  lamp,  with  five  lamps,  and  with  ten  lamps, 
curves  gained  under  these  conditions  are  given  in 
212,  217,  218,  and  213. 

In  addition  to  the  determination  of  the  curv 
current  and  pressure,  the  various  quantities  were 
directly  measured.  The  effective  values  deduced 
the  curves  agree  quite  closely  with  those  directly  i 


EFFICIENCY  AND  LOSSES. 


473 


tnined,  but  are  of  no  use  in  tietermining  the  perform- 
snce  of  the  transformer,  unless  the  phase  differences 
oC  pressures  and  currents  be  determined  in  some  man- 

1  "ler.     This  is  practically  done  by  using  the  curves. 


Flff.  218 

The  results  given  by  these  tests  reduced  to  a  uniform 
I  ptirnary  pressure  of  1020  volts  are  as  follows  : 


I   Witu  absorbed  by  primary, 
ti  delivered  bysecundai 

J  Cimmetcial  efficiency 

f  Totil  loss  in  walls 

Cif  los»  in  primary 

C^R  loss  in  secondary. . .    . 
Con\oaa 


N,. 

0=0. 

)i,Lo.d. 

'^  Load. 

,.., 

52-3 

SO.I 

96 

1 

'59- ■ 

388.6 

0 

64-3 

300.9 

0 

41.1 

77-5 

96 

94.8 

87.7 

4 

0.9 

3-3 

0 

0.0 

'■3 

95 

7 

93-9 

83.1 
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Toss-section  of  the  transformer  is  given  in  Fig.  220, 
vhich  shows  the  arrangement  of  the  primary  and  sec- 
mdary  coils.  In  this  transformer  the  magnetic  leakage 
imounted  to  1.2  per  cent  on  open  circuit  and  increased 
rith  the  load  to  as  much  as  5.4  per  cent  on  full  load. 
U  the  same  time  the  secondary  pressure  wave  fell  back 
fom  exact  opposition  to  the  primary  pressure  wave 
180°  lag)  to  nearly  190°  lag. 

In  Fig.  2 18  J  are  given  the  curves  of  a  Stanley  trans- 
>rmer  with  a  capacity  of  17500  watts,  when  the  second- 


^g^i 


x._.^ 


Fig.  220 

"y  circuit  is  open.  This  transformer  was  tested  by 
fofessor  Ryan  in  1892,*  with  the  following  reduced 
esults : 

Primary  pressure,  1000  volts ;  secondary  pressure,  no 
oad,  50.80  volts;  full  load,  49.67  volts;  drop,  1.16  volts 
^r2.32  per  cent;  efficiency  at  full  load,  96.9  per  cent; 
it  half  load,  97.1  per  cent;  one-quarter  load,  96.0  per 
^ent ;  and  one-eighth  load,  93.0  per  cent ;  exciting 
current,  .195  amperes;  power  absorbed  with  second- 
ly open    (core  losses),    137  watts;   magnetic  leakage 


*  iV.  y.  EUcL  Engineer ^  Vol.  14,  p.  298. 
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pruX'tally  nq^Gsible.  Tlie  Utjqueacr  an  «ftich  t 
trsnxfonner  mi  tested  was  pr3ctieafly  133.  TW  p 
pnrttoiuiieljr  MHdl  vatae  of  tbe  ■ 


* 


of  the  exciting  current  in  this  transformer  (the  pov 
factor  shown  by  the  results  marked  on  the  figure  is  . 
lecrcases  the  distortion  of  the  curve  of  exciting  curr 
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id  causes  its  maximum  point  to  be  displaced  to  a  posi- 
)n  in  advance  of  the  position  of  zero  pressure  (Sect.  1 20). 
2.  Hopkinsofi s  Method,  In  the  preceding  method 
ic  losses  and  efficiencies  are  determined  by  taking  dif- 
rences  between  measured  quantities  which  are  of  con- 
derable  magnitude,  each  of  which  may  be  affected  by 
msiderable  errors  of  observation,  which  errors  enter 
rectly  into  the  value  of  the  difference.  The  differ- 
ices  thus  obtained  are  therefore  not  reliable. 
Dr.  John  Hopkinson  modified  the  method  by  using 
iro  similar  transformers,  connected  (Fig.  221)  so  that 
le  transformed  up  the  pressure  supplied  to  its  thick 
ire  coil,  and  the  other  transformed  this  pressure  down 
;ain.  The  respective  pressures  and  currents  in  the 
w-pressure  coils  of  the  two  transformers  when  thus 
ranged  are  therefore  nearly  equal.  By  measuring 
eir  differences  and  determining  their  phase  relations, 
e  losses  in  the  two  transformers  are  obtained.  Assum- 
g  the  two  transformers  to  be  similar,  one-half  the  total 
58  is  due  to  each.  The  efficiency  is  then  obtained 
)m  this  loss  measurement  and  a  measurement  of  the 
rrent  and  pressure  in  the  secondary  circuit  of  the 
cond  transformer,  which  consists  of  a  non-inductive 
sistance.  To  determine  the  differences  and  their 
ase  relations,  a  contact  maker  and  electrometer  were 
ed  (Sect.  ^%,  3). 

The  connections  were  arranged  as  shown  (Fig.  221)* 
d  a  series  of  curves  were  obtained  for  various  loads 
lich  are  shown  in  Fig.  222  {a,  by  Cy  and  d). 


*  Hopkinson*s  Dynamo  Machinery  and  Allied  Subjects,  p.  187;   Eleci, 
rid.  Vol.  20,  p.  40. 
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he  results  of  these  tests  showed  the  efficiencies  of 
iitinghouse  transformers  of  6500  watts  capacity  to  be 
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'  per  cent  at  full  load,  96  per  cent  at  half  load,  and 
per  cent  at  quarter  load ;  the  drop  of  pressure 
"een  no  load  and  full  load  to  be  between  2.2  and  3 


Fig.  222  b 

cent;    the  core  losses  in  each   transformer  to  be 
t   114  watts;   the   magnetic  leakage  in  one  tcanv 
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former  appeared  to  be  small,  but  in  the  other  to  be  cc 
siderable. 

3.  Mordey's  Method.  Mordey  suggested  the  folio 
iiig  method  for  determining  the  losses  in  a  transfonn 
at  any  desired  load:"  The  transformer  to  be  tested 
worked  at  its  normal  load  until  a  constant  temperalia 
is  reached  which  is  determined  by  a  thermometer,   i 
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continuous  current  is  then  passed  through  the  windii^ 
of  such  a  magnitude  that  the  C^R  loss  from  this  CB 
rent  is  sufficient  to  maintain  the  temperature  of  ^ 
transformer.  The  continuous  current  C*R  loss  is  tb 
qiial  to  the  total  losses  with  the  alteroattng  curro 
The  continuous  current  C^R  loss  is  readily  detenniii 
by  voltmeter  and  amperemeter,  or  by  wattmeter.     T 

■  Alleiiutc  Cocient  Wotkiag,  Jemr.  last.  £.  E^  VoL  18,  p.  fioS. 
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sts  by  this  method  are  laborious  and  impractical  on 
xount  of  the  time  required, 

4.  Calorimetric  Method.  This  method  has  been  used 
y  many  experimenters.'  The  transformer  is  taken 
Dm  its  iron  case  and  sealed  up  in  a  tin  or  copper  case 
'hich  is  immersed  in  a  water  calorimeter  (Fig.  223). 
"he  loss  in  the  transformer  at  any  desired  load  on  the 
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Flff.  322  d 

Kondary  is  determined  from  the  rate  at  which  the 
Iter  in  the  calorimeter  rises  in  temperature,  provided 
e  heat  absorbed  by  the  transformer  and  calorimeter 
ater  equivalent),  and  the  rate  of  loss  of  heat  from  the 
es  of  the  calorimeter,  have  been  determined,  so  that 
iroper  correction  may  be  applied  to  the  results.  The 
ermination  of  the  elements  entering  into  this  correc- 


•  Duncan,    EUtlrital    Wtrld,    Vol. 
triqiu,  VoL  35,  p,  528. 


3 ;   Roili,   La   Lun 
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tion  is  ikely  to  introduce  considerable  errors.  Tl 
are  deci  eased  somewhat  by  using  oil  in  the  calorimi 
when  the  transformer 
be  directly  immersed  w 
out  the  enclosing  case, 
errors  due  to  the  heat 
i orbed  by  the  transfer 
ind  calorimeter  may  bee 
nated  by  arranging  the 
jaratns  so  that  a  slow  1 
itanl  flow  of  water  is  pa* 
ihrough  the  calorimeter  (I 
324).  TV  entering  water  should  have  a  consl 
temperature.  If  the  flow  of  water  is  of  coast 
volume,  and  the  transformer  has  attained  a  c 
stant  temperature,  there  will  be  a  constant  differe 
of    temperature    between   the  water   at   entrance  ; 


exit.  This  may  be  measured  by  thermometers.  F 
this  difference  of  temperature  and  the  weight  of  n 
flowing  per  minute  through  the  calorimeter,  the  en 
expended  in  the  transformer  and  given  up  to  the  w 
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may  be  deduced.  A  correction  must  be  applied  on 
account  of  the  loss  of  heat  due  to  radiation  from  the 
calorimeter.  A  more  satisfactory  arrangement  of  the 
calorimeter  test  is  to  place  the  hermetically  sealed 
transformer  in  a  vessel  with  ice  packed  around  it.  If 
the  vessel  is  properly  protected  from  external  heating 
effects,  the  melting  of  the  ice  will  practically  all  be  due 
to  heat  from  the  transformer,  and  the  losses  in  the 
transformer  may  be  determined  from  the  amount 
melted  in  a  given  time.  A  correction  must  be  applied 
for  the  melting  before  the  transformer  has  reached  a 
constant  temperature. 

It  is  difficult,  at  best,  to  get  very  satisfactory  results 
from  the  calorimetric  methods,  on  account  of  the  difficul- 
ties inherent  in  the  exact  determination  of  temperatures 
Or  of  heat  losses.  The  best  method  of  work  is  prob- 
ably to  directly  calibrate  the  calorimeter  by  inserting  in 
the  place  of  the  transformer  a  known  resistance  and 
passing  through  it  such  a  continuous  current  as  will 
give  the  same  heating  effect  as  the  transformer.  Then 
the  energy  absorbed  by  the  resistance  is  equal  to  the 
transformer  losses. 

5.  Split  Dynamometer  Method,  The  split  dynamome- 
ter may  be  used  for  directly  determining  the  power 
absorbed  by  a  loaded  transformer  if  the  magnetic  leak- 
ige  is  negligible.  In  this  case  an  electrodynamometer 
s  connected  with  one  coil  in  each  circuit.     Then,  practi- 

ally,  e^  =  RU'  -^("pi)^'"'     But  e"  =  c''  {R  -f  R%  where 

\  e^ ;  c\  ^' ;  ;/,  n"  ;  and  R\  R"  are  respectively  the 
ressures,  currents,  turns,  and   resistances  in  the  pri- 
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mary  and  secondary  coils»  and  where  ^  is  the  lenst* 
ance  of  the  external  secondary  circuit    Then 

The  energy  absorbed  by  the  primary  circuit  is,  there- 
fore, 

The  integral  of  the  first  term  of  the  right-hand  mco-l 
ber  is  equal  to  the  square  of  the  primary  current,  vi\ 
that  of  the  second  term  is  C'C"  co&^^kD^  where /'ill 
the  reading  of  the  split  dynamometer  and  it  is  if  I 
constant  (Sect.  44,  5).     Consequently,  I 

W  =  C^R'  -\--rAR-\-  R'')  kD,  I 

As  already  said,  this  method  is  only  accurate  when  I 
magnetic  leakage  is  negligible. 

6.  Voltmeter  and  Ammeter  Methods.     The  power  in 
the  primary  and  secondary  circuits  may  be  measured 
by  any  of  the  methods  given  in  Section  44  for  measur- 
ing the  power  in  an  alternating-current  circuit  by  means 
of  voltmeters  and  amperemeters.     The  numerical  effi- 
ciency will  be  found  from  the  ratio  of  the  secondary 
and  primary  energies,  and  the  transformer  losses  from 
their  difference. 

7.  Wattmeter  Method.       Where    satisfactory    watt- 
meters  are   at    hand,   it   is   evident   that  one   may  be 
placed  in  the  primary  circuit  of  a  loaded  transformer' 
and  another  in  the  secondary  circuit.     Then  the  ratio  of 
their  readings  is  the  efficiency  of  the  transformer.    Or, 
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wattmeter  may  be  used  in  the  primary  circuit  and  an 
mperemeter  and  voltmeter  may  be  used  to  determine 
he  output,  if  the  transformer  is  worked  on  a  non-induc- 
ive  load.  The  wattmeter  was  used  by  Fleming  in  a 
^ery  extended  series  of  transformer  tests,  and  found  to 
)e  more  satisfactory  than  either  of  the  methods  in 
vhich  amperemeters  and  voltmeters  are  used  to  deter- 
nine  the  energy  absorbed  by  the  primary  circuit.* 

8.  Stray  Power  Methods,  A  very  convenient  method 
>f  measuring  the  efficiency  of  transformers  is  to  de- 
•ermine  the  various  losses  directly,  and  thence  the 
efficiency.  The  iron  losses  may  be  determined  by 
Pleasuring  with  a  wattmeter  the  power  absorbed  by  the 
•ransformer  when  the  secondary  circuit  is  open.  The 
-opper  losses  for  any  load  are  readily  calculated  when 
the  secondary  and  exciting  currents  and  the  primary 
^d  secondary  resistances  are  known.  The  exciting 
Current  may  be  measured  at  the  same  time  that  the 
^on  losses  are  determined,  and  the  resistances  may  be 
measured  by  a  bridge.  For  a  given  load,  the  secondary 
current  is  a  fixed  quantity.  The  efficiency  is  then, 
practically, 


W 


/nil  \2      ' 


yhere  /  represents  the  measured  iron  losses  and  k  the 
atio  of  transformation. 

8^.  A  still  more  convenient  method,  which  may  be 
eadily  used  in  central  stations  for  testing  transformers, 
\  to  measure  the  iron   losses  by  a  wattmeter,  as   ex- 

•  Jour,  InsL  E,  £.,  Vol.  21,  p.  623;  £/fcl.  IVorlJ,  Vol.  20,  p.  413. 
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plained  above.  The  copper  losses  may  then  be  meas- 
ured by  short-circuiting  the  secondary  througli 
amperemeter,  and  adjusting  the  primary  pressure  until 
the  full  load  current,  or  any  desired  fraction  thereof, 
passes  through  the  amperemeter.  The  reading  of 
wattmeter  in  the  primary  circuit  is  now  nearly  equi' 
to  the  coppi  le  pressure  and  maximum 

magnetic  de  f  small,  and  the  iron  losses 

are  therefor  ely  negligible.     The  eaci 

copper  lossi  nined  by  measuring  anJ 


correcting  for  the  small  iron  loss.  The  tests  for ''" 
iron  losses  may  be  most  conveniently  made  by  osi^t 
the  low  resistance  coil  of  the  transformer  as  the  prim^ 
coil   (Fig.  225). 

This  method  of  testing  may  be  used  with  satisfaclii" 
where  numerous  transformers  must  be  tested,  since  thi 
losses  and  efSciency  may  be  determined  expeditious'J 
and  with  the  expenditure  of  little  power.  When  cow 
bined  with  a  run  of  several  hours  with  full  load  current. 
be  secondary  circuit  being  made  up  of  impedance  coils 

e  method  proves  very  economical  for  shop  tests.   Tbf 
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rod  was  adopted  by  Mr.  A.  H.  Ford  for  a  very  com- 
;  series  of  tests  of  American  transformers.* 
b.  Ayrton  and  Siunpner  have  devised  a  method 
so  serviceable  as  the  last,  but  still  quite  useful, 
hich  two  transformers  of  the  same  size  and  make 
apposed  to  each  other.     The  method  of  connecting 


i  as  in  Fig.  225  n,  in  which  A  and  B  are  the  trans- 
ers  with  their  primaries  connected  in  relatively 
isite  directions  to  the  leads  and  their  secondaries  in 
:s.  The  pressures  of  the  secondaries  are  thus  op- 
d.     A  transformer  T  is  inserted  with  its  secondary 

Ola  of  American  Traiisf..m,er5,  ffu/l.  of  Univ.  0/  IfiiceHsin,  Vol.  I. 
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in  circuit  with  the  secondaries  of  A  and  B,  Bf  vaiyiiig 
the  resistance  R^  the  pressure  of  Tmaj  be  r^gnhtedio 
that  any  desired  current  will  pass  through  the  sccnod- 
nrirs  of  A  and  77.  Then  the  output  of  T'measared  bjthe 
wattmeter  IV^  will  give  approximatdjr  the  copper  lossei 
of  A  and  //  plus  the  loss  in  leads  and  instrumentt 
The  power  supplied  to  the  primaries  of  A  and  ^  bjr  the 
alternator,  measured  by  the  wattmeter  H\,  gives appm- 
imately  the  iron  losses  of  the  two  transformers.  Froa 
the  (hita  thus  derived  the  efficiencies  may  be  obtainedi 

186.  Iron  Losses  Independent  of  Load. — That  the 
vahu*  of  the  iron  losses  is  independent  of  the  kti 
carried  by  a  transformer,  was  first  conclusivdjf 
proved  by  l«'winjj:  (Sect.  127).  The  same  thing  hai 
been  proved  by  l*Menu!ij;'s  experiments.  Figure  226 
is  plolti'd  from  one  of  his  tests  made  on  a  transformer 
of  .|ixH>  watts  capacity.  The  ordinates  of  line  AB 
icpicscnt  the  differences  of  the  power  in  the  primar)' 
•ind  secondary  circuits  as  measured  by  wattmeters 
Tin*  calculated  copper  losses  are  represented  by  the 
oidinatcs  of  the  line  ^  7>.  The  difference  of  the 
oidinatis  of  the  lines  .//»  and  CD  at  any  point  is  the 
iiou  loss  for  the  particular  load.  The  lines  AB  andCD 
A\c  .ippioxiinatcly  parallel,  which  shows  that  the  iron 
losses  arc  practically  constant,  regardless  of  the  loai 
Tl\cictovc  the  stray  |Hnver  methods  of  testing  trans- 
tot  hums  :;ivc  ctVicicncics  which  are  entirely  reliable. 

rJ7.   Kwing*$  Experiment  showing  that  Iron  Losses 
art  Constant.  -  -  !•' wine's  very  neat  plan  for  pro\'ingthis  ! 
|HM!\t  was  dcsij;nevl  to  i;ot  at  the  matter  directly.    Two 
small   tiausfvnmers   were   made  up  exactly  alike,  the 
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if  which  consisted  of  insulated   iron   wire  wound 
be  form  of  a  ring.      Over   this  were  uniformly 
two  layers  of  wire  making  a.  primary  coil,  and 
r  two  layers  making  a  secondary  coil.     In  operat- 
ic primary  and  secondary  coils  were  respectively 
:ted  in  series,  but  the  two  halves  of  each  coil  in 
ansformer  were  so  connected  as  to  be  in  magnetic 
tion  (Fig.  327).     The  core  of  one  transformer  was 
jre  magnetized  and   that  of   the  other  was  not. 
the  CH  losses  at  any  load  were  equal  in  the  two, 
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Fig.  aae 

Drmer  with  magnetized  core  heated  more  when 
eration  than    the  other  transformer,  but  the 
re  of  the  second  was  brought  to  equality  with 

first  by  passing  a  continuous  current  through 
ted  wire  of  the  core.     The  energy  expended 

the  second  core  by  the  continuous  current 
equal  to  that  expended  in  the  first  core  due 
ses.     The  equality  of  temperature  was  deter- 
means  of  thermo-electric  couples  embedded  in 

which  were  connected  in   series  through  a 
ter  (Fig.   227).     In   this   experiment    it    was 
;  after  a  balance  of   temperature   was   once 
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obtained  it  was  unaltered  by  any  changes  in  the  loads 
of  the  transformers,  thus  showing  that  the  core  losses 
in  the  m:ignetiz(.-d  transformer  were  indcpcodeni  of 
the  load.* 

128.    Regulation    Tests.  — The    regulation    of    trans- 
fornieis  wliich  are  used   in  incandescent  lighting  is  i 


Fig-.  227 

matttr  of  much  nionieiit,  and  regulation  tests  are™ 
almost  equal  importance  to  the  tests  of  losses  and  tefii- 
itures.  The  ordinary  method  of  making  regulation 
s  is  to  place  a  voltmeter  across  the  primary  circuit 
other  across  the  secondary  circuit  of  the  trans- 
^rmcr  to  bL-  tested.     At  no  load,  the  reduced  readings 

and  KloAssen,  Magnetic  Qualities  of  Iran,  Linden  Eltilria'*t 
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5f  the  instruments  should  be  equal,  and  the  difference 
between  the  reduced  readings  at  any  other  load  gives 
^he  corresponding  drop  of  pressure  in  volts.  The  reduced 
readings  are  gained  by  multiplying  the  readings  of  the 
:wo  voltmeters  by  their  respective  constants  and  divid- 
■ng  the  reading  of  the  voltmeter  in  the  high  pressure 
-ircuit  by  the  ratio  of  transformation  of  the  transformer. 
The  drop  of  pressure,  measured  in  this  way,  includes  the 
^/i  drop  in  the  windings  and  the  drop  due  to  magnetic 
eakago,  which  increases  with  the  load.  The  magnetic 
eakage  drop  may  be  determined  by  subtracting  from 
:he  total  drop,  the  value  of  the  CR  drop  which  is  calcu- 
lated from  measured  resistances  and  currents, 

A  much  more  accurate  regulation  test  may  be  made 
*>y  using  two  transformers  of  equal  transformation  ratios 
*nd  one  voltmeter.  The  primaries  are  separately  con- 
fiected  to  the  supply  mains,  and  the  secondary  circuits 
Ire  connected  together  on  one  side.  A  high  resistance 
3r  electrostatic  voltmeter  is  connected  between  the  other 
legs  of  the  secondary  circuits.  The  reading  of  this  volt- 
meter at  any  load  on  one  transformer,  when  the  other 
's  unloaded,  gives  the  total  drop  of  pressure  caused  by 
loading  the  former. 

Regulation  tests  are  usually  made  with  non-reactive 
loads,  since  good  regulation  is  a  matter  of  necessity  in 
'ticandescent  lighting  circuits,  which  are  practically  non- 
reactive.  The  regulation  of  a  transformer  is  changed  for 
the  worse  by  introducing  inductance  into  the  secondary 
circuit,  and  for  the  better  by  introducing  capacity  into 
the  secondary,  as  has  already  been  proven  (Sects.  1 1 7  and 
il8).     Regulation  tests  on  a  reactive  load  arc  of  Uttlft 
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service  except  from  a  comparative  standpointp  or  to  d& 
terminc  whether  a  transformer  will  gnre  a  stisbtctoij 
service  to  both  incandescent  lamps  and  ahcmatii^-or- 
rcnt  motors  or  arc  lamps.  The  combiiicd  aenrioe  ii 
seldom  satisfactory  on  account  of  poor  rq^alation  wtiA 
injures  the  incandescent  lighting,  though  the  defectiic 
regulation  is  not  a  matter  of  much  importance  to  the 
power  or  arc-light  service. 

129.  The  All-Day  Efficiency  of  Tnuutfomiefs  aai  lb 
Effect  of  Magnetic  Reluctance. — The  working  effideocy 
of  a  transformer  is  by  no  means  equal  to  its  fnlUoal 
efficiency.  In  the  case  of  dynamos  placed  in  a  centnl 
station  it  is  usual  to  divide  the  generating  units  so  that 
the  plant  operating  at  any  part  of  the  day  will  be  fairly 
loaded.  In  the  same  way  the  capacity  of  stationary 
motors,  used  for  distributing  electric  power,  may  be 
chosen  so  that  they  seldom  operate  at  ver)-  small  partial 
loads.  The  way  that  transformers  are  usually  operated, 
however,  makes  it  quite  difficult  to  keep  a  uniform  load 
on  them,  and  in  fact,  for  a  considerable  portion  of  the 
day  they  are  worked  with  the  secondary  circuit  open. 
This  being  the  case,  the  iron  losses  of  transformers  arc 
of  much  greater  influence  on  their  all-day  efficiency 
than  are  the  copper  losses,  and  it  is  desirable  to  reduce 
the  iron  losses  to  a  minimum.  For  instance,  suppose  a 
transformer  of  5000  watts  capacity  has  an  iron  loss  of 
2.5  per  cent  or  125  watts,  and  a  copper  loss  at  full  load 
of  2  per  cent  or  100  watts.  Then  the  full-load  cffi- 
'^iency  of  the  transformer  is  95.5  per  cent,  the  half-load 
ficiency  is  94.3  per  cent,  and  the  quarter-load  efficiency 
89.5  per  cent.    Supposing  that  the  daily  output  of  the 
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ransformer  is  equivalent  to  25,cxx)  watts  for  one  hour 
25,003  watt-hours),  which  is  equal  to  full-load  operation 
or  five  hours  and  open-circuit  operation  for  the  remain- 
ng  19  hours,  then  the  losses  are  equivalent  in  the  iron 
core  to  30CX)  watts  for  one  hour,  and  in  the  copper  to 
5CX)  watts  for  one  hour,  or  a  total  of  35CX)  watts  for  one 
hour.  The  all-day  efficiency  is  then  ^j.j  per  cent.  To 
increase  this  all-day  efficiency,  it  is  evidently  necessary 
to  decrease  the  iron  losses.  To  do  this  with  a  fixed  fre- 
quency, requires  a  decrease  in  the  amount  of  iron  in  the 
niagnetic  circuit  or  a  decrease  of  the  maximum  mag- 
netic density.  Either  process  calls  for  an  increase  in 
the  windings  and  consequently  in  the  copper  losses. 
Suppose  that  decreasing  the  core  losses  to  \\  per  cent 
makes  it  necessary  to  increase  the  copper  losses  to  3 
per  cent ;  then,  other  things  being  equal,  the  efficiencies 
l>ecome,  full  load,  95.5  per  cent;  half  load,  95.7  per 
-ent;  quarter  load,  93.7  per  cent;  and  the  all-day 
•fiiciency,  on  the  assumption  made  above,  is  90.7  per 
•ent.  There  is  a  saving  by  the  latter  construction  of 
>5o  watt-hours  in  twenty-four  hours,  and  in  one  year 
i  365  days  the  saving  is  nearly  350  kilowatt-hours, 
f  one  kilowatt-hour  is  worth  10  cents  to  the  central 
tation,  the  difference  in  the  amount  of  power  wasted 
ach  year  by  the  two  transformers  has  a  value  of 
nore  than  thirty-five  dollars,  which  is  several  times 
he  difference  in  the  original  cost  of  the  two  trans- 
formers. If  the  average  load  of  the  transformer  were 
less  than  that  assumed,  which  is  frequently  the  case  in 
Jractice,  the  iron  losses  would  have  a  still  greater  influ- 
:nce  on  the  all-day  efficiency.      A  still  greater  decrease 
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in  the  iron  loss  with  its  attendant  increase  of  copper 
loss  would  evidently  raise  the  all-day  efficiency  to  a 
higher  point.  Here,  however,  is  met  the  question  of 
regulation,  which  will  not  satisfactorily  admit  of  too 
great  a  copper  loss  at  full  load  on  account  of  the 
attendant  (imn  if  •arnmlarv  pressurc,  but  this  diflRculljr 
may  be  me  le  cross-section  of  theciy 

per.     This  an  increase  in  the  cost  of 

the   transfc  iforroer  with   small   loss« 

and  good  n  more  to  the  central  statioa 

than  one  wi  poor  regulation.     The  all- 

day  efficiencj,  limed  basis,  of  the  17,50" 

watt  transformer  previously  referred  to  (page  475)  is 
93.8  per  cent,  and  of  the  6500  watt  transformer  (page 
479)  is  91.3  per  cent.  The  advantage  of  decreasinf 
the  iron  losses,  which  is  thus  shown,  led  Swinburne  to 
advocate  and  build  transformers  with  a  cylindrical  iron 
core  under  the  windings,  but  without  closed  iron 
magnetic  circuits."  Decreasing  the  amount  of  iron  in 
the  magnetic  circuit  decreases  the  core  losses  bu' 
at  the  same  time  increases  the  reluctance  and  there- 
fore increases  the  magnetizing  current.  This  is  a  dfr 
cided  disadvantage  if  carried  to  an  excess.  While  the 
true  magnetizing  current  is  wattless,  and  therefore 
requires  the  expenditure  of  no  power  in  the  trans- 
former, yet  it  does  result  in  a  continuous  C^R  loss 
in  the  conductors  leading  to  the  transformer  and  i" 
the  primary  winding  of  the  transformer  itself.     It  also 

•  Swinburne,  The  DesiRn  of  Transformers,  Prac.  BrttUk  Assoc.far  ^ 
■^aneimtnl  of  Snen:e.  1888,  and  Lcndun  EUclrUian,  VoL  J3,  p.  49^^ 
uuformer  Disliibiitian,  Jaur.  /nit.  E.  E.,  Vol.  30,  p.  163. 
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causes  an  extra  demand  for  current  from  the  dynamo 
supplying  the  circuit,  so  that  extra  generators  must  be 
operated  at  periods  of  light  load  in  order  to  supply 
the  wattless  current.  In  other  words,  the  power  factor 
of  the  system  as  a  whole  is  decreased,  with  an  accom- 
panying loss  of  Plant  Efficiency.  Finally,  a  large  mag- 
netic reluctance  causes  a  considerable  magnetic  leakage 
and  consequent  increase  in  the  secondary  drop  of  a 
transformer,  and  therefore  interferes  with  its  regulation. 
The  last  two  points  may  become  very  serious  if  the 
reluctance  of  the  magnetic  circuit  of  transformers  is 
made  excessive ;  consequently  Swin- 
burne decreased  the  reluctance  in  his  . 
transformers  by  making  the  core  oE  ^ 
iron  wire,  which  was  bent  out  into  . 
spherical  head  (Fig.  228).  From  their 
prickly  appearance  these  transformers 
have  been  called  Hedgehogs.  Figure 
229  shows  the  various  results  of  a  test 
niade  by  Fleming  upon  a  3000  watt 
hedgehog  transformer  with  a  ratio  of 
transformation  of  24:1,  and  Fig.  230 
shows  the  power  factor,  at  various 
'oads,  of  a  hedgehog  transformer  com- 
i>ared  with  two  closed  iron-circuit  transformers.  It 
has  been  claimed  that  the  transformer  tested  by  Flem- 
ing was  defective  and  the  results  gained  by  Bedell,  in 
testing  a  similar  machine,  were  much  better.* 
Without  entering  a  controversy  regarding  the  exact 

•  Trans.  Amir.  Insl.  E.  E.,  Vol.  lO,  p.  497;   Eltcl.   iVurld,  Vol.  32, 
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point  at  which  a  high  reluctance  in  the  magnetic  dr- 
cuit  of  a  transformer  causes  more  disadvantage  than  ii 
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counterbalanced  by  the  decreased  iron  losses  brought 
about  by  decreasing  the  amount  of  iron,  the  examples 
may  serve  to  show  the  necessity  of  carefully  designing 
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le  magnetic  circuit  to  fit  the  conditions.  Where  a 
irly  large  proportion  of  the  full  load  is  carried  by 
le  transformer  a  great  portion  of  the  time,  as  may 
e  the  case  in  many  of  the  proposed  power  transmis- 
ons,  the  reluctance  of  the  magnetic  circuit  of  the 
■ansformer  should  be  made  very  small,  so  that  the 
)pper  losses  may  be  small.  On  the  other  hand,  where 
Je  average   load    is   very   small,   as   in    the   ordinary 
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rrangements  of  transformers  for  lighting  service,  the 
^R  loss  is  of  less  moment  than  the  iron  losses,  and 
very  effort  must  be  made  to  decrease  the  amount  of  iron, 
nd  hence  the  iron  losses,  as  far  as  the  requirements 
f  economy  of  construction,  plant  efficiency,  and  regula- 
on  will  permit.  Transformers  might  even  be  built 
ithout  iron  in  the  core,  were  it  not  for  the  immoder- 
:e  cost  caused  by  the  large  amount  of  copper  which 
ould  be  required  in  their  construction  to  gain  a  rca- 
mably  good  degree  of  regulation. 
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The  unsatisfactory  features  of  transformer  having 
cores  of  high  magnetic  reluctance  may  be  largely  neu- 
tralized by  the  use  of  condensers  (Sect.  35).  Tbcse 
may  be  ])nt  in  parallel  with  each  transformer  of  socb 
a  capacity  as  to  practically  supply  the  necessary  w* 
less  magnetizing  current,  or  a  group  of  condensM 
may  be  connected  in  parallel  to  each  circuit  of  sofi" 
cient  capacity  to  supply  the  wattless  current  fur  lii* 
circuit.  In  either  case,  the  difficulties  due  to  rcRul*' 
tion  and  plant  efficiency  are  obviated.  Tests  0 
densers  in  parallel  with  transformers  have  shown  llul 
their  use  is  entirely  practical,  provided  that  a  cheaps™ 
durable  dielectric  can  be  found.* 

130.  Curves  of  Efficiency.  —  The  curve  showing  th 
efficiencies  of  a  good  transformer  at  various  loails  is 
very  flat  one.  In  Fig.  :;3i  arc  given  the  cun'cs  "• 
a  4000  watt  Thi>msun-Hoiiston  transformer  tcslcil  ^1 
Fleming,  the  17,500  watt  transformer  tested  by  K)'*'** 
which  already  has  been  referred  to  (p.  475)1  and  th' 
3000  watt  hedgehog  transformer  tested  by  Bedeli 
which  was  referred  to  directly  above  (p.  495).  Th«* 
curves  arc  flatter  than  the  similar  curves  for  dynamo 
(Vol,  I.,  p.  270).  To  get  the  best  all-day  eflicienq 
it  is  evident  that  every  effort  should  be  bent  to  ma! 
ing  the  knee  of  the  curve  at  the  smallest  possible  loa 

'  Swinburne,  The  Probable  Use  of  Condeniet*  in  Electric  Lifihti 
linden  FJedrieian,  Vol,  aS,  p.  127 ;  Le  Blanc,  Application  of  Altcrnat 
Currents  to  the  Transmission  of  Power.  Sec.  Inler.  dts  ^Uttriiitns.  lS> 
anil  /Aiiidon  Ehctritian,  Vol.  17,  p-  383;  Swinburne,  Ttansfonner  [lis 
bution,  Jour.  Intt.  E.  E.,  Vol.  20,  p.  19I,  and  Lendan  EUclriciaH,  Vol. 

54S :  Bedell  and  others,  (tedgehog  Transformers  and  Condensers,  Pt 
I.  Amir.  Insl.  E.  E.,  Vol,  10,  p.  513. 
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without  at  the  same  tuneincreasiiig  the  excitiiig  cnrreDt 
too  greatly.    The  mazuninn  all-dajr  effidcncj  for  a  given 
transformer  comes  at  such  a  distribiitioii  of  the  load  thai 
the  watt-hours  represented  bj  the  copper  and  iron  I 
are  equal.    The  maTimwm  cqierating  efficiency  occurs 
the  load  which  causes  copper  and  iron  losses  to  be  equaL 
The  full-load  efficiency  of  average  commercial  trans- 
formers of  diflferent  sizes  is  represented  by  the  curve 
of  Fig.  232.    These  efficiencies  may  be  improved  upoi^ 
but  they  represent  average  practice. 

131.  Weight  BfBdency. — The  total  weight  of  trans- 
formers is  exceedingly  variable,  as  it  depends  not  onlf 
upon  the  design  of  the  machine,  but  also  upon  the  con- 
taining case.     The  weights  of  copper  and  iron  depend 
entirely   upon   the   purpose  of  the   designer,  and  the 
limits  to  which  he  has  carried  a  desire  to  gain  a  high 
all-day  efficiency.     The  total  weights  of  transformers  dfr 
signed  for  frequencies  not  less  than  100,  nor  greater  than 
135,  will  ordinarily  vary  between  75  and  100  pounds  per 
kilowatt  for  transformers  near  one  kilowatt  in  capacity, 
and  from  40  to  60  pounds  per   kilowatt    for  transfor- 
mers of  10  K.W.  capacity.     Figure  233  gives  the  total 
weights  of  the  standard  transformers  of  two  well-known 
manufacturers,  which  are  designed  for  a  frequency  of 
135  and  Fig.  234  for  frequencies  of  30  to  60. 

132.  Separation  of  Core  Losses.  —  The  hysteresis  loss 
In  a  transformer  may  be  considered  constant  for  a  given 
frccjurncy  and  pressure,  as  indicated  by  Ewlng*s  neat 
cxporinuMit  (Sect.  127),  but  the  foucault  current  loss  will 
become  less  after  the  transformer  has  been  run  under 
load  and  thus  become  heated  up ;  for,  as  the  core  rises 
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in  temperature,  the  resistance  of  the  iron  Increase 
To  separate  the  hysteresis  from  the  foucault  currei 
loss,  the  iron  losses  may  be  measured  when  the  coi 
is  cold  (Sect.  125  (8a)),  and  then  when  it  has  become h' 
by  being  run  under  load.  Let  fC.  be  the  first  readin 
and  IV^  the  second  ;  also,  let  l°  be  the  difference 
temperatu  the  two  readings,     Thcr 

where  ff  i  s,  and  F.  and  /■»  the  foucn 

current  loi  The  foucault  current  loss 

F=  CE  =  r  are  a  current  and  pressxi 

equivalent  to  the  foucault  currents  and  the  pressi*i 
acting  upon  them,  and  .^  is  a  resistance  equivalent 
that  of  the  foucault  current  circuits  combined.  E 
constant  during  the  test,  as  it  depends  only  upon  ti 
magnetic  density,  the  primary  pressure,  the  frequeoQ 
and  the  dimensions  of  the  core  plates.     Then 

F,  =  -—,  and    F^  =  - -. 

R,  R.(i  +a/°) 

where  R,  is  the  resistance  at  the  temperature  of  the  cO" 

measurement,  and  a  is  the  temperature  coefficient  « 

the  iron  comprising  the  core  discs.     From  the  valu^ 

W,  and  W^  we  have  W,- W^'^  F.- F^  and  subslit"'' 

ing  the  values  of  F,  and  F^ 

R,      R,(l+ar')      R,\l+at'l 


F.  =  {U',-fV,)(!^^y 
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s  all  the  quantities  in  the  right-hand  side  of  the  equa 
'H  are  determined  by  measurement,  the  foucault  cur- 
\t  loss  may  be  thus  separated  from  the  hysteresis  loss. 


'M'X  U3d  'sai 


'fficient  a  may  be  readily  obtained  by  measuring 

stance  between  any  two  points  on  a  core  disc 

:i  core  is  at  two  different  temperatures,  when  the 

desired  will  be  the  per  cent  change  in  resist- 
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iinu:  |>rr  decree  change  in  ten^cntHic  hodertlHt 
iUtt  rcHiiltM  of  thcM;  measnreiiiciits  nnir  be  irwiwJif 
reliable,  the  prcMurc  applied  to  the  tsaastaamtr  dnnf 
ihit  IrM.H  rnuHt  be  exceedingly  coostanL  The  foooift 
Mirnrnt  los.H  in  commercial  transionBCfs  is  bit  i^ 
HUMiW  i)rri|K>rtion  of  the  total  core  Jos^  Tk  hystcn* 
hIh  and  foucault  current  losses  may  also  he  sqniatedlf 
rnr*aMiirin^  the  core  losses  at  two  frequencies  fortk 
mirnc  pnrMsiire,  then,  by  subtraction  and  an  riimiiuthi 
Nitnilar  to  that  given  in  Vol.  L,  p.  254,  thevduecf  tk 
foucault  current  loss  may  be  deduced. 

133.  Tests  of  American  Traufnrmers. — The  moit 
(!oin|)lc:t(r  public  test  of  recent  American  transfonnen 
\H  our  made  by  Mr.  A.  H.  Ford,  in  the  laboratories  of 
thr  UiiivcTsily  of  Wisconsin,  during  the  year  1895.* 

'i'hr  list  includrd  transformers  of  the  following  types: 
iUillaid,  hiamond,  l^'ort  Wayne,  General  Electric.  Horn- 
hci^'.cr,  National,  Packard,  Phoenix,  Standard,  Stanlcyi 
Wai'.ncT,  and  Wcstinghouse.  The  total  number  of 
lian.sfornicrs  tested  was  over  twenty. 

In  inakinj;  the  tests,  Weston,  Hoyt,  Queen,  ^ 
(\inlcw  instruments  were  used,  and  their  accuracy  was 
liiMHu-nlly  checked  by  comparison  with  Kelvin  bal- 
ani'i's.  (Ileal  care  was  exercised  to  eliminate  errors. 
The  tt'sts  were  made  at  frequencies  of  60  and  125;  the 
pressuie  wave  being  rather  peaked,  especially  at  the 
fiequiMU'v  of  (w 

The  uu'thod  used  for  finding  the  efficiency  was  that 

^iven   in   Section    IJ5,   No.   StJ,  and   the   results  were 

---~  ■     ■ 

♦  i'onip!vl«'   TiNts  of  Moilcrn   American  Transformers,  ^Ki7.  Univ.  v 
H'fAt.'N'/'fi  Not.  I*  No.  11. 
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ecked  by  methods  8  b  and  7.  Method  8  a  was  found 
be  the  most  accurate,  but  by  using  other  methods  as 
ecks  serious  errors  could  be  detected  and  the  test 
peated.  As  the  method  used  measures  the  losses  di- 
ctly,  small  errors  of  observation  cause  an  inappreciable 
ror  in  the  result.  The  all-day  efficiencies  were  calcu- 
ted  on  the  assumption  that  during  each  24  hours  the 
msformer  runs  5  hours  at  full  load,  and  19  hours  at  no 
ad.  This  assumption  gives  about  the  proper  all-day 
ficiency  to  represent  favorable  conditions  of  present 
actice.  The  following  table  gives  a  synopsis  of  the 
suits  obtained  from  twelve  of  the  transformers  : 

TABLE  I. 


Capacity 

Iron 

Loss. 

Copper 

Maximum 
Efficiency. 

All-Day 
Efficiency. 

». 

in 
Watts. 

Loss. 

/=  "5. 

/=6o. 

/=  "5- 

/=6o. 

94.0 

/=  "5- 

/=6o. 

1250 

370 

48.5 

29.7 

95.0 

85.1 

83.0 

( 

1500 

50.5 

70.6 

45.2 

94.6 

94.0 

84.8 

80.6 

t 

1500 

32.2 

46.5 

38.1 

95-7 

94.5 

89.4 

85.0 

\ 

1500 

57.0 

82.0 

35-3 

93-7 

92.0 

83.0 

77.8 

1 

1 

1500 

45-7 

60.1 

36.2 

94.8 

94.0 

85.5 

83.4 

> 

1500 

126.0 

206.0 

14.8 

91.5 

87.4 

70.8 

60.0 

r 

450 

23-4 

38.6 

6.2 

91.0 

76.5 

\ 

1800 

53.5 

108.7 

66.6 

94.0 

91.7 

84.7 

75-5 

\ 

2000 

42.4 

563 

54.8 

95.2 

94-5 

88.6 

86.5 

> 

1500 

97-5 

125.0 

38.5 

91.7 

90.1 

76.5 

70.2 

' 

1500 

57-5 

76.0 

30-9 

94.5 

93-4 

83.0 

79.2 

1 

• 

1500 

43-2 

55-5 

28.5 

95-3 

94.6 

86.5 

83.7 

Some  of  the  transformers  giving  high  maximum  effi- 

encies  do  not  give  the  highest  all-day  efficiencies,  and 

such  cases  the  figures  would  tend  to  indicate  that  an 
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increase  in  the  number  of  turns  and  a  decrease  in  ih* 
iron  and  ma^etic  density  would  be  ot  adracugc 

The  iron  losses  are  so  x-ariable  that  a  table  was  naS 
up  of  the  losses  per  cubic  centimeter,  irom  n^ 
rather  better  comparisons  can  be  made  As  the  nnf 
nctic  densities  in  the  transformers  aix:  ^'cry  diScml 
this  docs  n  he  relative  qualities  of  ik 

iron,  hence  is  added  of  the  hysl 

constants.  are  calculated  from  the  f» 

mula  of  Ste  "*  (see  Vol  I-,  p.  74),  wt* 

C/is  energy  :r  cabic  inch  or  per  cul* 

centimeter  c  frequency,  B  the  maximiflii 

induction  (per  square  centimeter),  and  y  is  a  consUBli* 
hysteresis  which  depends  upon  the  quality  of  the  iiw- 
Table  II.  presents  the  reduced  results. 
TABLE  II. 


Nn. 

Uup. 

ey.io. 

^tr„. 

em 

CoiiM»trfHr*» 

/-'<». 

/~t^. 

/-"5 

/-fc. 

/=„j.:/-&. 

/.„ 

.   \j:t^ 

, 

■1,1 

.iS 

.008 

.011 

joso 

42S0 

3.2   XI 

0-" 

=.9    <'<.-• 

3 

4 

,»I 

.jH 

.013 

.017 

2600 

S4O0 

3.52x1 

o-u, 

3.04X10^ 

■M 

.34 

.014 

.021 

■*4 

■V 

.015 

.020 

1640 

7S00 

3.39-xt 

6 

,68 

I.IO 

.041 

.067 

37S° 

7720 

6.26x1 

0-" 

^SI"" 

7 

■'7 

■45 

.0:7 

.027 

3770 

7870 

a.59Xi 

0-W 

a 

.20 

.40 

■"13 

.03  S 

5250 

lOJSO 

9 

.26 
.40 

■34 

■S' 

.017 
.024 

.031 

354°  \  737° 

2.SSXI 

0-M 

11 

,1° 

■•19 

.018 

.014 

4070  ]  8480 

2.43x1 

.«.." 

la 

■»3 

■30 

.014 

.018 

32:0  1  6650 

2.72x1 

o-i' 

In  calculating  the  hysteresis  constants,  the  core  io^ 
irere  considered  to  be  entirely  due  to  hysteresis,  '"^ 
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oes  not  introduce  a  large  error,  as  the  foucault  cur- 
ent  loss  is  only  a  small  portion  of  the  total  loss.  A 
lance  indicates  the  great  difference  in  the  quality  of 
"on  used  in  the  different  transformers,  and  shows  very 
btinctly  the  necessity  for  testing  each  batch  of  iron 
efore  it  is  made  up  into  transformer  cores.  As  the 
on  losses  are  the  most  important  factor  in  determin- 
ig  the  all-day  efficiency,  too  much  stress  cannot  be 
id  upon  this  point.  The  table  indicates  that  the  prac- 
ce  of  making  such  tests  has  not,  by  any  means,  been 
tiiversal. 

Table  III.    gives  the  exciting  currents  and  no-load 
Dwer  factors  of  the  transformers.     The  power  factors 

TABLE  III. 


Elxciting  Current. 

Power  Factor,  No  Ix>nd. 

Bm 
/=  "5. 

/=  "5- 

/=6o. 

/=  "5- 

/-60. 

/=6o. 

! 

.043 

.066 

84.0 

730 

2050 

4280 

.076 

.124 

64.6 

56.5 

2600 

5400 

.052 

.100 

56.3 

47.6 

.085 

.125 

67.0 

65.6 

.054 

.099 

81.7 

61.5 

•173 

•475 

85.0 

40.0 

3750 

7720 

.043 

.079 

64.0 

58.0 

3770 

7870 

.076 

.060 

71.0 

22.0 

5250 

10950 

.055 

.091 

78.5 

63.0 

3540 

7370 

.124 

.190 

78.6 

65.7 

.072 

•113 

79.6 

67.2 

4070 

8460 

.077 

1 

.144 

55.6 

38.4 

3210 

6650 

'^  higher  at  the  higher  frequency,  due  to  the  fact  that 
Smaller  magnetizing  current  is  required  on  account 
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the  magnetic  density  being  lower  at  that  frequency. 
The  exciting  current  is  lower  at  the  higher  firequency, 
due  to  the  above  cause  and  to  the  lower  iron  losses. 

Table  IV.  gives  the  results  of  an  independent  test 
of  the  regulation  of  the  transformers.  The  total  drop 
is  the  difference  in  volts  between  the  secondary  press- 
ure at  full  load  and  at  no  load  when  the  prinuuy 

TABLE  IV. 


No. 


1 

2 

3 

4 

5 
() 

7 
« 

y 

lo 

1 1 

12 


Volu 
Total  Drop. 

Vohs 

C^Drop 

IB  ScooBinrjf . 

Vohs 
.eg  Drop 

Vote 

/-    »25- 

/-^6o. 
3.5 

/=  "5- 

.80 

/=6o. 
1. 00 

/=«a5. 

/-6a. 
12.4 

/=i«5. 

/.60. 

2-3 

10.9 

•5 

1-3 

3-5 

2.8 

.85 

.88 

7-9 

7-7 

1.9    i       M 

49 

3-3 

1.05 

1. 10 

12.6 

13.0 

2.6 

■9 

4.6 

3-4 

1-35 

'•35 

8.5 

8.5 

2-4 

1.2 

2.9 

2.0 

1.04 

.98 

9.3 

8.7 

I.O 

.1 

i.S 

1.2 

.41 

.42 

3-4 

3-9 

I.I 

.4 

«2.0 

21.0 

1-94 

2.48 

24.2 

28.0 

77-7 

iS-7 

5-2 

4.7 

1.40 

1.40 

17.0 

17.8 

2.1 

1-5 

5-3 

4.2 

1. 71 

'•75 

8.2 

8.4 

2.8 

1-7 

4.0 

3» 

2.S 

2.2 

1.04 

1.04 

8.2 

7-9 

1.0 

.4 

3.S 

2.0 

1.36 

1.36 

12.7 

12.5 

1.2 

pressure  is  looo  volts.  In  one  of  the  transformers 
it  is  seen  that  the  total  drop  is  greater  for  a  frequency 
of  60  than  of  125,  while  in  the  others  the  opposite 
is  the  case.  The  leakage  drop  should  be  less  at  the 
lower  frequency,  as  the  total  number  of  leakage  lines 
docs  not  change  very  much  with  the  change  in  the 
frequency,  but  the   inductive   pressure  varies  directly 
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vith  the  frequency.  This  is  shown  very  plainly  in 
transformer  No.  7,  in  which  the  magnetic  leakage  is 
sufficiently  great  to  cause  a  current  of  almost  constant 
v^alue  to  flow  in  the  secondary  circuit  when  the  fre- 
quency is  125,  but  when  the  frequency  is  60  it  fails  of 
Its  purpose  entirely.  The  characteristic  curves  of  this 
transformer  are  given  in  Fig.  204. 

The  leakage  drop  is  somewhat  less  for  the  transform- 
ers which  have  the  apertures  for  windings  with  a  larger 
liraension  in  the  direction  of  the  lines  of  force  in  the 
•ongue  of  the  transformer  and  with  the  coils  wound 
>ne  upon  the  other  (see  Figs.  240  and  241).  A  compari- 
son of  the  CR  drops  shows  that  the  transformers  of 
iigh  all-day  efficiencies  have  a  comparatively  large  fall 
>f  pressure  from  this  cause. 

Table  V.  gives  the  radiating  surface  m  the  trans- 
crmers  and  the  rise  of  temperature  under  various 
-onditions  measured  in  a  special  test.  From  the  table 
t  is  evident  that  there  is  little  uniformity  in  the  watts 
■^iated  per  square  inch  of  core  and  coil,  or  case,  per 
legree  rise  of  temperature.  Taking  an  average  of  the 
est,  the  watts  radiated  per  square  inch  of  the  core  and 
-oil  surface  with  the  case  on  may  be  about  .2,  and  with 
•he  case  off  .3,  when  the  rise  of  temperature  is  about 
10°  C.  This  requires  from  5  to  7  inches  of  core  and 
-oil  surface  per  watt  lost  with  the  case  on.  In  an  ex- 
-ellent  series  of  transformers  of  various  capacities  the 
i>roduct  of  rise  of  temperature  and  square  inches  of 
^oil  and  core  per  watt  radiated  varies  between  about 
270  and  360,  with  an  average  of  about  310.  This  is 
Nearly  50  per  cent  greater  than  the  average  result  of 
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Wr.  Ford's  tests.  These  figures  are  very  rough  approx- 
iniations,  to  be  used  merely  as  a  guide  in  design ;  but 
fairly  exact  data  for  any  particular  type  of  transformer 
^ay  be  determined  from  measurements  on  two  or  three 
>i2es  of  the  type. 

The  transformer  case  increases  the  temperature  on  an 
average  of  about  43  per  cent ;  but  this  effect  is  found 
o  be  quite  variable.  The  form  of  the  case  does  not 
eem  to  enter  into  the  result,  though  when  it  closely 
ticases  the  core  and  coils  the  heating  effect  seems  to 
►c  slightly  less. 

The  table  shows  the  results  of  four  heating  tests  on 
a.ch  transformer ;  a  no-load  and  a  full-load  test  at  each 
t  the  two  frequencies  used ;  the  temperatures  being 
etermined  from  measurements  of  the  resistance  of  the 
Hmary  coils,  ample  time  being  allowed  in  each  test  for 
^e  transformer  to  come  to  its  maximum  temperature, 
tid  check  measurements  being  made  by  thermometer. 

The  following  table,  from  a  test  by  Fleming,*  made  in 
892,  gives  the  principal  data  concerning  a  number  of 
•riglish  transformers  and  two  of  American  make. 

A  is  the  capacity  in  watts,  B  the  exciting  current  in 
^peres,  with  a  primary  pressure  of  2400  volts  and  fre- 
Uency  of  83,  C  the  iron  loss  in  watts,  D  the  power 
^ctor  at  no  load,  E  the  total  drop  in  volts,  F  the  cop- 
^r  drop  in  volts,  and  G  the  leakage  drop  in  volts.  The 
^W  power  factor  and  high  exciting  current  of  the  Swin- 
Urne  hedgehog  transformer  is  especially  noteworthy, 
his  is  caused  by  the  high  reluctance  of  the  open  mag- 
^tic  circuit. 

♦  your.  Inst,  E.  E.,  Vol.  21,  p.  594;   EUctrical  Worlds  Vol.  21,  p.  i^. 
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134.    Effect  of  Frequency.  —  The  formulas  giving  the 
rcssures  developed  in  the  coils  of  a  transformer 

£'  =  2  7r/Z'C=^^^^-^^and£"  =  ^i?'    (Sect.  Ill) 

low  that  if  the  value  of  the  magnetization  in  the  core 
f  a  transformer  is  fixed,  then  the  number  of  turns  in 
le  coils  must  vary  inversely  with  the  frequency.  To 
instruct  transformers  for  all  frequencies  with  a  fixed 
alue  of  the  total  magnetization  is  not  an  economical 
Ian,  however,  since  the  core  loss  per  cubic  centimeter 
f  iron  depends  upon  the  frequency.  If  a  certain  core 
)ss  is  determined  upon  as  being  that  which  will  give 
le  most  satisfactory  general  results  in  the  case  of  a 
ansformer  of  given  size,  the  magnetic  density  in  the 
)re  must  be  made  to  vary  inversely  with  the  frequency. 
his  may  be  seen  from  the  fact  that  the  foucault  cur- 
int  loss  varies  with  the  square  of  the  frequency,  and 
le  hysteresis  loss  directly  with  the  frequency.  Since 
e  former  is  between  one-tenth  and  one-fourth  of  the 
[ter,  this  makes  the  total  core  losses  vary  somewhere 
tween  the  first  and  second  powers  of  the  frequency,  if 
»  magnetic  density  is  constant.     The  foucault  currewt 

2h 
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loss  also  varies  with  the  square  of  the  magnetic  den- 1 
sity,  and  hysteresis  varies  with  some  degree  of  appros-j 
mation  within  the  limits  of  transformer  practice,  as  the] 
1.6  power  of  the  induction.      Consequently  the  totil| 
losses  vary  as  some  power  of  the  magnetic  densitjj 
between  the  i.6th  and  the  second.     It  is  thus  shovn 
that  the  core  losses  will  not  be  greatly  changed  if  the 
magnetic  density,  within  reasonable  limits,  varies  in- 
versely with   the  frequency.     Now  it   is    seen  &«■ 
the  formula  that,  if  the  turns  and   pressures  reiiM 
unchanged,  when  the  frequency  changes,  the  inductkA 
will  change  inversely;  hence  a  well-built  transformer 
should  give  nearly  the  same  efficiency  for  all  frequeo- ; 
cies  reasonably  near  that  for  which   it  was  designed, 
and  the  number  of  turns  in  the  coils  may  be  the  same 
in  a  series  of  transformers  of  equal  capacities  designed 
for  different  frequencies.     In  support  of  this  stands  the 
fact   that   transformers   properly  built  for   125  to  135 
periods  a  second  are  capable  of  giving  excellent  results 
at  a  frequency  of  60,  as  is  indicated,  for  instance,  in  a 
number  of  the  transformers  as  given  in  Table  I.  of  the 
preceding  section.     Changing  the  frequency  alters  the 
wattless  component  of  the  exciting  current  in  a  propor- 
tion which  depends  upon  the  saturation  of  the  cor^ 
and  poorly  designed  transformers  or  those  built  of  poor 
material  may  give  unsatisfactory  service  and  over-heat 
on  lower  frequencies  than  their  normal,  on  account  ot 
an  excessive  magnetic  density  and  an  excessive  exciti 
current. 

Since  the  rates  of  variation  of  the  hysteresis  and  fo 
cault  current  losses  with  the  frequency  and  with  th 
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procal  of  the  magnetic  density  are  not  exactly  the 
e,  though  they  are  quite  approximately  equal,  it  is  to 
rxpectcd  that  the  efficiency  of   a   transformer  will 

to  some  degree  with  the  frequency,  and  that  some 
icular  frequency  will  give  the  best  efficiency.     The 

f  has  been  found  to  be  the  case  by  Mr.  Mordey." 


is:  :        :     :::: 

■i_                        ^  --^ 

^''f     7     7^     ^  "^ 

:ib?7zf::ii:::: 

V^if  ---     — 

ip^^i^ 

:;E::=:=:     ;;:: 

ire  235  shows  the  curves  of  rise  in  temperature  of 
ordey  transformer  tested  at  three  different  frequen- 

showing  that  the  best  result  is  given  for  an  interme- 
i  value.    The  exact  frequency  at  which  a  transformer 

give  the  highest  efficiency  must  depend  upon  the 
ity  of  the  iron  and  the  effectiveness  of  the  lamina- 

Mletnate  Current  Working,  Jaur.  /nil.  E.  £.,  Vol.  18,  p.  6o8i  DU- 
Q  of   pipers  by  SnelL  »nd  Forbes,  yoar.  /nit.  £.  £.,  Vol.  32,  pp. 
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tion,  since  these  determine  the  rate  of  variation  of  the 
losses  with  the  magnetic  density  and  the  frequency. 
The  better  the  magnetic  quality  of  the  iron  and  the 
more  thorough  its  lamination,  the  less  difference  is  likdjr 
to  occur  in  the  efficiencies  at  various  frequencies.    A 
transformer  made  of  poorly  laminated  iron  is  likdyto 
give  its  best  efficiency  at  a  moderate  frequency,  whik 
one  made  of  well  laminated  iron  is  likely  to  give  its  best 
efficiency  at  a  higher  frequency.     In  first-class  modem 
commercial  transformers  the  effect  of  foucault  currents 
on  the  efficiency  is  quite  small,  so  that  there  is  no  real 
maximum  point  in  the  relation  between  efficiency  aod 
frequency,  but  the  efficiency  increases  slightly  but  cob- 
tinuously  as  the  frequency  increases  within  commerdil 
limits.     Roughly,  the  core  losses  may  be  said  to  vary 
inversely  as  the  square  root  of  the  frequency. 

It  is  possible  to  build  different  transformers  of  the 
same  number  of   turns  for  different   frequencies  with 
the  cross-section  of  the  core  inversely  proportional  to 
the  frequency.     The  magnetic  density  would  then  be 
the  same  in  all  the  transformers.     This  is  unsatisfac- 
tory, however,  since  it  makes  low  frequency  transfor- 
mers  large  and   expensive:    and   since   the  weight  of; 
iron  in  a  core  must  vary  more  rapidly  than  the  cross- j 
section,  this  method  of  construction  also  causes  coffl-] 
paratively   large   core  losses   in   low  frequency  ti 
formers  and  gives  them  a  comparatively  low  efficiency-j 

The  conclusion  is  therefore  derived  that  the  core 
windings  of  a  well  designed  and  well  constructed  trans 
former  will  be  almost  equally  satisfactory  in  performanc 
on  any  frequency  within  the  present  commercial  limit 
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This  conclusion  is  shown  by  experience  to  be  approxi- 
mately true  for  frequencies  within  the  limits  of  50  and 
150.  The  table  of  satisfactory  magnetic  densities  for 
various  frequencies,  already  given  (Sect.  97),  shows 
that  foreign  manufacturers  apparently  prefer  a  mean 
path,  and  change  both  the  cross-section  of  the  core  and 
the  induction  when  building  transformers  for  different 
frequencies.  American  manufacturers  have  heretofore 
ordinarily  built  transformers  of  one  standard  type,  which 
are  intended  to  be  used  on  all  usual  commercial  fre- 
quencies, but  some  are  now  building  two  types,  one 
designed  specially  for  frequencies  above  100,  and  the 
other  for  frequencies  between  50  and  100.  The  latter 
have  a  somewhat  larger  core.  The  outputs  of  trans- 
formers of  a  fixed  size  are  almost  in  proportion  to  the 
square  root  of  the  frequency,*  other  things  being  equal. 
As  the  frequency  decreases,  the  magnetic  density  may 
be  allowed  to  increase  to  as  much  as  12,000  lines  of 
force  per  square  centimeter  in  large  transformers  of  low 
frequency.  This  density  may  be  satisfactorily  used  in 
transformers  of  30  frequency,  and  those  designed  for 
lower  frequencies  must  increase  in  weight  in  inverse 
proportion  to  the  frequency. 

135.  Effect  of  the  Form  of  the  Impressed  Pressure 
Curve.  —  Very  few  experimental  data  are  at  hand  which 
show  the  effect  of  the  form  of  the  pressure  curve, 
though  a  good  deal  has  been  written  upon  the  subject. 
No  matter  what  the  primary  pressure  wave  may  be  like, 
the  secondary  pressure  wave  must  have  practically  the 

*  Steinmetz,  Effect  of  Frequency  on  the  Output  of  Transformers,  Elect* 
Engineer^  VoL  15,  p.  260;    Trans,  Amer,  Inst,  E*E.^  Vol.  11,  p.  38. 
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same  form,  the  exciting  current  and  magnetization 
curves  varying  to  meet  this  requirement.  When  the 
pressure  curve  is  peaked,  the  magnetization  curve  will 
be  flat  and  not  reach  so  high  a  maximum  as  for  an 
equivalent  sine  curve.  When  the  pressure  curve  is  flat 
the  magnetization  curve  will  be  peaked  (Sect.  jf^.  Since 
the  iron  loss  of  a  transformer  depends  upon  the  maxi- 
mum value  of  the  magnetism,  it  is  to  be  expected  that 
a  peaked  pressure  curve  will  cause  a  minimum  iron  lost 
in  a  transformer.  Steinmetz  gfives  the  appended  table 
in  support  of  this: 

HYSTERESIS  LOSS  IN  WATTS. 


Transformer  Number. 


35992 
36067 

36668 

35799 


Sine  Wave. 


42.3 
41. 1 

36.8 

36.6 


Peaked  Wave. 


38.6 

37-8 
33-9 
33-7 


Differeocf. 


9-S  % 
8.95% 
8.7  % 
8.7  % 


Steinmetz  also  gives  another  case  where  the  loss  m 
a  200  K.W.  transformer  was  13  per  cent  less  when 
worked  on  a  distorted  curve  than  when  a  sine  cun^e  was 
impressed.  The  change  in  efficiency  is,  however,  very 
slight.  Experience  has  shown  that  alternating  current 
arc  lights  give  the  best  results  when  worked  on  a  flat- 
topped  curve,  while  Ryan,  Duncan,  and  others  claim 
that  a  sine  curve  gives  the  best  efficiency  in  the  opera- 
tion of  induction  motors.*     The  latter  is  shown  to  be 

♦  Electrical  Worlds  Vol.  24,  pp.  107,  155,  and  178. 
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theoretically  correct  in  Section  188,  and  if  the  deduction 
proves  to  be  of  much  importance  in  practice,  an  approxi- 
mate sine  form  will  probably  give  the  best  general 
satisfaction.  Roessler  has  lately  shown  that  the  iron 
loss  of  a  transformer  depends  upon  the  ratio  of  the  mean 
value  of  the  pressure  wave  to  its  effective  value. 
136.  Example   of    Transformer   Calculations.  —  The 

formula  E  =■ -^ — —  in   any  practical  case  contains 

only  two  unknown  quantities,  and  these  may  be  suitably 
chosen  by  a  designer  to  suit  his  conditions.  Thus, 
suppose  it  be  desired  to  design  a  10 :  i  transformer  of 
1650  watts  capacity,  for  a  primary  pressure  of  iioo 
^olts  and  a  frequency  of  125.  This  is  equivalent  to  a 
1 500  watt  transformer  which  is  rated  on  the  usual  basis 
^f  1000  volts.  By  solving  the  equation,  the  product  of 
^^N  is  given,  thus 

n  N  "=  — 3^-  =  200,000,000  approximately. 
V27T/ 

Calculation  of  Copper  and  Core  Dimensions.  — 
Assuming  the  number  of  turns  in  the  primary  coil  to 
be  650,  makes  the  maximum  magnetization  iV=  308,000. 
Now  taking  the  maximum  magnetic  density,  ^^  =  3000, 
gives  the  core  cross-section  102.7  sq.  cm.  The  forms 
taken  by  the  cores  and  coils  of  transformers  which  are 
intended  for  ordinary  single-phase  work  are  quite  lim- 
ited, and  the  more  important  ones  are  shown  in  Fig.  236. 
Choosing  whichever  one  of  these  lends  itself  to  the 
'equirements  (in  this  case,  say,  the  first)  the  dimensions 
)f  the  core  may  be  quickly  determined.     The  apertures 
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No.  1 


No.  2 


No.  3 


Vtc«286 


No.  4 


DKSuiN  or  tkansr.)Kmi-:ks- 


ir-in.  n  -ifi  rirt 


iR.  238 


I 

I 


teresis  at  a  frequency  of  125  of  37.5  watts  for  iron  in 

which  the  hysteresis  constant  is  21  x  lO""  based  on  the 

cubic  centimeter  and  the  cycle  per  second.    This  \"alue 

is  35  /  lo"^^  when  based  on  the  cubic  centimeter  and 

^clc  per  minute,  as  the  constants  are  given  on  page  75 

Vol.  I.    That  21  X  lO""  is  a  fair  average  value  for 

hysteresis   constant  of   the  best  transformer  iron 

lown  by  a  scries  of  tests  made  by  Steinmetz,  the 
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verage  of  which  gives  17  x  lO"^^.*  Where  a  series  of 
ransformers  is  to  be  designed  with  the  same  kind 
f  iron  in  the  core,  it  is  advantageous  to  plot  a  curve 
rhich  gives  the  hysteresis  loss  in  watts  per  cubic 
entimeter,  or  per  pound,  of  iron  at  different  magnetic 
cnsities.  Such  a  curve  for  a  very  good  quality  of  iron 
hysteresis  constant  =  2i  x  io~^^)  is  shown  in  Fig.  239 
Dr  a  frequency  of  100.  The  loss  in  the  iron  when  sub- 
icted  to  other  frequencies  may  be  determined  by  mul- 

Lplying  the  values  shown  by  the  ratio  J—.    On  account 

f  the  differences  in  the  quality  of  iron  it  is  never  safe 
^  depend  upon  curves  drawn  from  tests  of  one  brand 
:i  represent  the  quality  of  another  brand,  and  in  fact 
ome  transformer  iron  shows  losses  not  much  more  than 
Kvo-thirds  as  great  as  those  indicated  in  Fig.  239 ;  but  a 
ctter  grade  than  that  shown  cannot  be  uniformly 
btained  in  the  market. 

Hysteresis  testing  may  be  carried  out  on  such  instru- 
rients  as  those  of  Professor  Ewing  f  or  Mr.  Holden, J  or 
t  may  be  carried  out  by  punching  the  sample  into  trans- 
ormer  plates,  inserting  them  in  a  coil,  and  measuring 
he  losses  by  a  wattmeter.  The  value  of  B^  may  be 
letermined  from  the  number  of  turns  in  the  coil  and  the 
"eadings  of  a  voltmeter  at  its  terminals.  For  the  re- 
sults to  be  absolute,  the  wave  of  impressed  pressure 
^ust  approximate  closely  to  a  sinusoid,  but  satisfactory 
Comparative  results  may  be  had   independently  of  the 

*  Trans.  Amer.  Inst.  E.  E.^  Vol.  II,  p.  705. 

t  Jour.  Inst.  E.  E.y  Vol.  24,  p.  398;   London  Electrician^  Vol.  34,  p.  786. 

J  Electrical  World,  Vol.  25,  p.  687. 


( 


DESIGN   OF   TRANSFORMERS.  527 

Drm  of  the  pressure  wave,  provided  the  same  form  of 
'ave  is  used  in  all  tests. 

Calculation  of  Foucault  Current  Loss, — The  exact 
alculation  of  the  foucault  current  loss  in  the  core  of  a 
ransformer  is  more  difficult  than  that  of  the  hysteresis 
)ss;  but  equal  exactness  is  not  essential  since  the 
)ucault  current  loss  very  seldom  exceeds  25  per  cent 
f  the  core  losses  and  often  constitutes  only  from  10 
3  15  per  cent. 

A  formula  is  developed  by  Mr.  Steinmetz*  which  for 
iminated  iron  is  //  =  {dfB^^  lO"^^,  where  u  is  the  watts 
)st  per  cubic  centimeter  of  iron,  d  is  the  thickness  of 
he  plates  in  mils,  /  the  frequency  of  magnetic  rever- 
als,  and  B^  the  maximum  magnetic  density.  The  total 
Dss  in  watts  for  M  cubic  centimeters  of  iron  is 

deducing  this  to  the  loss  per  cubic  inch  of  iron  simply 
fitroduces  the  constant  coefficient  16.4  into  the  for- 
nula.  Reducing  the  formula  to  the  watts  lost  per 
^und  of  iron  changes  the  constant  to  nearly 

A  similar  formula  is  deduced  by  Thomson  and 
^wing.f 

Per  the  transformer  under  consideration,  iron  12.5 
^^Is  thick  is  used  and  the  foucault  current  loss  is 

39CX)  X  (12.5  X  125  X  3000)2  X  lo"^^  =  8.5  watts. 

*  Trans.  Amer,  Inst,  E.  E.,  Vol.  1 1,  p.  600. 

\  Ij>ndoft  Electrician^  Vol.  28,  p.  631 ;  Wcekes*  Alternating  Current 
^^dnsformersy  p.  21. 
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The  total  core  loss  for  the  transformer  is  therefore 
fi.O  watts  or  2.8  per  cent,  which  is  a  little  high  for  a 
ransformer  of  this  size,  and  the  number  of  turns  in  the 
Doils  might  be  increased  and  the  cross-section  of  the 
Ton  proportionally  decreased  with  advantage.  The 
iliickness  of  iron  which  is  here  taken  is  a  usual  one, 
-hough  transformer  stampings  are  made  of  various  thick- 
between  10  and  18  mils.  The  commonest  thick- 
are  12.5  and  15  mils.  It  is  possible  to  plot  a 
2tirve  of  the  losses  due  to  foucault  currents  in  sheets 
>f  fixed  thickness  similar  to  that  already  given  for  hys- 
teresis, or  a  curve  may  be  plotted  which  gives  the  com- 
bined losses  which  are  found  in  stampings  of  a  given 
thickness  and  made  of  a  fixed  quality  of  iron.  Figure 
^39^  shows  a  curve  for  the  calculated  foucault  cur- 
f^nt  loss  in  stampings  of  the  three  thicknesses,  10,  15, 
^nd  20  rails,  at  a  frequency  of  100.  The  loss  at  any 
*ther  frequency  may  be  found  by  multiplying  the  values 


^X)iii  the  curves  by  ( -^  ] . 


Calculation  of  Copper  Loss. — The  copper  losses  of 
U^  transformer  come  out  as  follows :  The  mean 
length  of  a  turn  is  practically  30  inches.  The  second- 
^»y  coil  has  65  turns  or  165  feet  of  No.  7  wire,  which 
^klakes  the  cold  resistance  .08  ohms ;  allowing  a  rise  of 
SbPC.  in  temperature  gives  at  full  load  a  loss  of  21.6 
^atts.  The  primary  coil  consists  of  650  turns,  or  1650 
•Cict  of  No.  16  wire,  which  makes  the  cold  resistance 
^35  ohms.  The  copper  loss  at  full  load  with  the  trans- 
Pc^rmer  hot  is  therefore  practically  40  watts  or  2.42  per 
te^nt,  which  is  reasonable. 

2M 
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Calculation  of  Exciling  Current. — Tbe  final 
tion  to  be  determined  in  relation  to  the  trans 
is  the  exciting  current.  This  is  made  up  of  two 
(Sect,  irj)  which  are  in  quadrature,  i.e.  the  ma 
iiig  component  and  the  loss  component.  The  U 
evidently  ecjual  to  the  core  loss  in  watts  divided 
46 


primary  pressure,  or  - 


:  .042,  and   is  in  ste 


the  primary  pressure.     The  magnetizing  compom 
is  found  from  the  foimula 

•■      1.25       1.25*4^      1-25^ 
BJ 


C\ 


175  « 


when  /  is  the  length  of  the  lines  of  force  in  the  co 
A  the  area,  which  gives  for  C ^  in  the  case  undi 
sideration, 

C    =—  3?°°-^  375 ^    113,000  ^ 

''      1.7s  X  650  X  2000      2,300,000 

The  total  exciting  current  is  therefore. 


=  .04( 


,-a, 


■  .042  =  .064, 


V.049  - 

which  is  a  satisfactory  value.  The  value  m  = 
which  is  here  used,  is  a  fair  value  for  transformer 
The  value  of  the  magnetizing  component  i; 
calculated  without  considering  the  effect  of  the 
in  the  magnetic  circuit  upon  its  reluctance.  1 
impossible  to  estimate,  and  it  may  cause  a  consic 
increase  in  the  exciting  current.  Its  effect  n 
experimentally   determined    from   measurements 
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I  one  transformer,  and  the  correction  applied  in 
isigning  other  transformers  of  the  same  type. 
Arrangement  of  Conductors, — The  primary  conduct- 
's of  transformers,  except  those  of  very  large  size, 
e  usually  of  wire,  and  the  secondary  conductors  are 
;  wire  or  ribbon.  Wires  which  are  larger  than  No.  7 
•  No.  8  B.  &  S.  gauge  are  not  often  used,  and  con- 
ictors  of  larger  cross-section  are  made  of  single 
bbons,  or  of  two  or  more  wires  or  ribbons  in  parallel, 
he  thickness  of  ribbon  conductor  which  is  used 
ildom  exceeds  75  mils,  since  the  insulation  of  thicker 
)nductors  is  likely  to  be  injured  in  winding  around  the 
nail  radii  at  the  ends  of  the  coils.  The  insulation 
)mmonly  consists  of  two  or  three  cotton  coverings 
icactly  as  in  armature  windings,  and  the  finished  coils 
re  very  thoroughly  insulated  with  rubber  tape,  mica, 
tc.  Sometimes  tape  or  cord  wrappings  are  used  on 
bbon  conductors  instead  of  cotton  coverings,  and  bare 
bbons  may  be  wound  up  with  tape  between ;  but  the 
itter  is  not  advisable.  The  primary  coil  should  always 
e  broken  into  sections  by  inserting  oiled  paper  or 
amished  muslin  between  the  layers,  and  where  the 
3ils  are  divided  for  the  purpose  of  sandwiching  to 
iduce  magnetic  leakage,  the  primary  coil  should  have 
le  least  number  of  divisions  so  that  its  insulation  may 
I  less  interfered  with. 

Checks, — The    total    radiating    surface    from  which 

jat   may  leave  this  transformer  is  nearly  400  square 

ches,  and  the  total  losses  at  full  load  make  %6  watts, 

we  have   nearly  five   square   inches   per  watt  lost. 

le   efficiency   of  the   transformer   at   full,  half,   and 
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quarter  load,  is  95.0  per  cent,  93.6  per  cent,  894  per 
cent.  The  all-day  efficiency,  based  on  five  hours  fuD 
lo;ul  and  19  hours  no  load,  is  86.4  per  cent.  The  num- 
ber of  turns  per  volt  in  the  windings  is       ^        in  tUi 

VOutput 

tnmsformer.  In  transformers  of  the  best  makes  in- 
tended for  frequencies  between  60  and  135,  the  number 
of  turns  iKT  volt  in  the  windings  seems  to  vary  between 

5        and  — . .V-.-  -»  when  the  output  is  given  in 
\(  Output         VOutput 

watts,  and  the  numerator  seems  usually  to  be  less  tins 
25  for  the  iK'st  transformers.  This  ratio  gives  a  guide  to 
the  choiee  of  the  number  of  turns  which  shaU  be  used 
in  a  transformer,  and  the  number  of  lines  of  force  in  the 
magnetic  circuit  is  then  fixed  by  the  formula.  In  detcr- 
mininji'  the  si/e  of  the  plates  and  the  length  of  the  core, 
the  ratio  of  the  over-all  area  of  the  plates  to  the  area  of 
the  apertures  may  be  used  as  a  guide.  In  the  above 
example  this  ratio  is  4.00,  and  in  a  large  number  of 
commercial  transformers  of  capacities  from  500  watts 
to  ^oaXX)  watts  the  ratio  is  found  to  vary  from  275  to 
4.J5.  with  an  average  of  about  3.00.  A  final  check 
U|H>n  any  desii;n  may  be  made  to  depend  upon  the 
calculated  core  loss  ]>er  pound  or  per  cubic  centimeter 
of  irv>n.  which  varies  in  commercial  transformers  from; 
.80  to  J. 80  watts  per  i^ound,  or  .012  to  .042  watts  per 
cubic  centimeter,  and  averages  in  first-class  trans- 
formers alxnit  1. 00  watt  per  jK>und,  or  .015  watts  per 
cubic  centimeter.  In  any  case,  the  determination  of 
the  most  economical  design  in  a  particular  form 
dejKMids  upon  workiuL;  out  several  designs  with  dif- 
ferent constants.    The  best  design  may  then  be  chosen. 
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137.  DlmensioDB  of  Various  Commercial  Trans- 
formers.—  The  data  for  1500  watt  transformers  of 
various  manufacturers  are  given  on  page  534  for  com- 
parison. All  the  data  are  based  on  a  primary  pressure 
of  iioo  volts,  frequency  of  125,  and  ratio  of  transfor- 
mation of  10: 1. 

136.  Calculation  of  Magnetic  Leakage.  —  In  the  pre- 
ceding example  no  attempt  has  been  made  to  calculate 
the  magnetic  leakage.  By  properly  placing  the  coils 
with  respect  to  each  other  and  to  the  magnetic  circuit, 
the  magnetic   leakage  may  be   made   almost   or   quite 


Wff.  340 
negligible.  Thus  in  Fig.  240  the  coils  are  so  placed 
that  a  short-circuiting  of  lines  of  force  along  the  path 
indicated  by  the  dotted  lines  is  to  be  expected  ;  but  when 
the  coils  are  arranged  as  shown  in  Fig.  241,  the  leakage 
is  not  likely  to  be  great ;  while  if  the  coils  are  divided  and 
the  parts  sandwiched  together,  the  leakage  may  be  made 
very  small.  The  leakage  may  be  calculated  quite  ap- 
proximately by  the  method  indicated  below.  Since  the 
currents  in  the  primary  and  secondary  coils  of  the 
transformer  are  in  practical  opposition  of  phase,  their 
magnetizing  effects  are  opposite.     This  tends  to  cause 
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lines  of  force  to  short-circuit  through  the  coils,  as 
shown  in  Fig.  240,  the  tendency  being  greatest  at  the 
plane   where   the   coils  touch    each   other,  and   falling 
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off  to  zero  at  the  outer  edges  of  the  coils,  so  that  the 
magnetic  leakage  will  differ  for  each  layer  of  wire  in 
the  coils.  The  effect  of  leakage  must  therefore  be  cal- 
culated for  each  layer,  and  the  total  effect  may  then  be 
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summed  up.  In  Fig.  243  the  ordinates  of  the  line  A'BA" 
are  proportional  to  the  ampere-turns  acting  at  any  point 
to  cause  leakage  lines  to  pass  through  the  coils.     These 
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ordinates  are  equal  to.  the  number  of  turns  in  the  coQi 
between  the  foot  of  the  ordinate  and  the  outer  edge  d 
the  coils,  muUiplted  by  the  current  flowing  in  the  tiuns. 
The  ordinate  is  evidently  zero  at  the  outer  edges  cl 
the  coils,  and  a  maximum  equal  to  practically  »"C  it 
the  plane  between  the  coils.  The  number  of  the  leik- 
age  lines  of  force  enclosed  by  any  layer  is  proportiaiil 


/""N 
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to   the    corresponding,  ordinate   of    the    lines  CI^- 
These  ordinates  are  respectively  equal  to 

1.25  V27« 

/ 

where  x  is  the  desired  ordinate,  _)<  is  the  mean  ordin*'* 
of  the  line  A'BA"  taken  from  the  neutral  plane  ati"' 
the  point  under  consideration,  a  is  the  area  of  a  coil  l*" 
*ween  the  neutral  plane  and  the  point  under  conS"" 
ation,  and  /  is  the  length  of  the  lines  of  force  throij'' 
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coils  (Fig.  243).  The  maximum  value  of  x  falls  at 
Duter  edges  of  the  coils  and  is 

re  -<4i  is  the  total  iron  surface  presented  to  a  coil 
I  which  leakage  lines  emerge,  and  the  average  num- 
Df  leakage  lines  enclosed  by  the  different  layers  at 
instant  of  maximum  leakage  is 

x^  __  1. 25^6^1  _  .gon^^C^ 
2  ""         V2/        ""  / 

inductive  effect  of  this  leakage  on  the  secondary 
ling  is  equal  to 

V27r«"% 

2\ 

an  equivalent  effect  is  produced  on  the  secondary 
ccount  of  the  leakage  of  lines  of  force  through  the 
lary  coil.  If  A  be  taken  to  represent  the  total  area 
'on  from  which  leakage  lines  emerge,  which  is  pre- 
ed  to  both  coils,  the  formulas  become 

_  1.25  n"CA  _  V27ru"NJ__4H''^C"A/ 

—  -_  and    jLi.  —  a  —     jr#~~  ■• 

V2/  10  10*/ 

inductive  effect  due  to  leakage  is,  as  has  already 
I  shown  (Sect.  112),  to  be  in  quadrature  with  the 
^e  pressure  in  the  secondary  circuit,  E''.  Conse- 
itly,  the  drop  in  secondary  pressure  caused  by  mag- 
:  leakage  is 

E"  -  Vli^'^^R?, 
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and  the  total  drop  of  ^xoadan'  piessiuc  in  the  VOBSr 
fonner  is 

E"  -<V£"'^£?+  C'Ji"  +  ^CJf). 

The  valoe  for  £,  in  the  transfonaer  destgned  aboi^ 
when  the  cf"i*  '>•'»•  """"^  «»•■  inside  of  the  other,  U 


£,= 


■8  X  I2S 


when  the  cc  by  side,  this  hecones 

1-4  X ;  42  X 125  n 

£^,  =  -  -         ^^i^^^- — -^  =  12  volts. 

The  leakage  chop  is,  therefore, 


100  — Vioooo— 100=   -5  volt  I 

or  100  — Vioooo—  144  =  .72  volts. 

This  may  be  made  practically  negligible  with  either  W- 
rangement  of  the  coils  by  dividing  one  of  the  windLn? 
into  two  parts  and  sandwiching  the  other  between  thenL 
This  reduces  ,V,  to  one-fourth  and  the  leakage  drop  i"  ^ 
still  greater  ratio. 

139.  Joints  in  the  Magnetic  Circuit.  —  In  this  d'^ 
cussion  no  account  has  been  taken  of  the  position  "• 
the  joints  in  the  stampings,  which  really  have  a  roartw 
effect  on  both  the  magnetic  leakage  and  exciting  current- 
Every  effort  is  made  to  reduce  the  magnetic  reluctance 
of  the  joints  by  making  them  as  few  in  number  as  possi- 

e,  and  arranging  them  so  that  the  joints  of  adjoining 
es  come  in  different  positions  in  the  core.  The 
ts  in  the  magnetic  circuit  are  usually  one  or  l** 
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I  should  never  be  more  than  two.  Lapping  joints 
really  essential  to  the  best  performance,  and  while 
t  joints  have  been  used  in  transformers,  their  effect 
always  been  detrimental.  The  arrangement  of 
Its  is  shown  very  plainly  in  Fig.  236.  The  last  four 
kvs  shown  are  of  antiquated  forms.  The  arrange- 
nt  of  the  joints  may  be  made  in  various  ways  with 
h  form  of  built-up  core,  as  the  position  of  the  joints 
►ends  only  on  the  punching. 

40.  Ageing  of  Transformer  Cores.  —  Experience  has 
wn  that  the  core  loss  in  some  transformers  increases 
a  very  considerable  extent  during  the  first  few 
nths  of  operation.  The  increase  in  loss  is  due  to  an 
reased  hysteresis  loss  per  cycle,  and  was  originally 
ribed  by  Ewing*  to  magnetic  fatigue  of  the  iron. 
has,  however,  been  quite  conclusively  proved  by  ex- 
iments  f  and  the  records  of  transformer  manufact- 
rs  to  be  caused  by  the  continuous  condition  of  high 
iperature  at  which  the  iron  is  operated.  The  ageing 
ms  to  have  the  greatest  effect  upon  poor  qualities  ot 
:i,  hastily  and  imperfectly  annealed,  and  the  least 
xt  upon  the  best  grades  of  iron  which  have  been 
lealed  with  great  care.  The  conditions  under  which 
:  annealing  of  the  transformer  plates  is  performed, 
>ecially  with  reference  to  temperature  and  duration 
the  process,  have  much  to  do  with  the  extent  of  the 
ling  effect,  and  by  proper  annealing  it  can  be  ren- 
ed  very  small  in  cores  made  of  proper  qualities  of 
1.      The    iron    now  generally  used   for  transformer 


*  Ij)ndon  Electrician^  Vol.  34,  p.  1 61. 
t  Ibid.,  pp.  160,  190,  191,  219,  297,  498. 
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cores  is  a  very  mild  steel  made  by  cidier  die  besacmer 
or  open-hearth  processes,  though  puddled  iron  sheets 
are  still  used  to  some  extent 

141.  Current  Roshes.  —  It  has  been  Aawn  in  Section 
25  that  the  exponential  term  in  the  complete  equatioD 
for  an  alternating  current  in  an  inductive  circuit  is  ordi- 
narily negligible,  but  under  certain  conditions  its  effect 
for  a  few  periods  after  the  current  is  started  in  a  circmt 
may  be  considerable.  This  question  was  investigated  hj 
Fleming  *  and  others  f  with  especial  reference  to  the 
action  of  transformers  when  first  switched  onto  an 
alternating-current  circuit.  If  a  transformer  is  switched 
onto  a  circuit,  the  current  does  not  instantly  assume  the 
final  form  of  the  wave,  but  rises  gradually  through  a 
sliort  interval  to  its  final  form.  The  length  of  the  inter- 
val and  the  magnitude  of  the  early  current  depends 
upon  the  reactance  of  the  circuit,  the  frequency,  and 
the  point  in  the  pressure  wave  at  which  the  connection 
is  made.  If  the  instant  of  switching  onto  the  circuit  is 
that  at  which  the  impressed  pressure  is  passing  through 
zero  the  current  in  the  transformer  is  less  during  the 
early  interval  than  its  final  value,  while  if,  at  the  instant 
ol  swilchiug  on,  the  impressed  pressure  is  passing 
through  its  maximum  value  there  may  be  quite  an  ex- 
cess of  current  flow  through  the  circuit  for  a  short  time, 
on  account  of  the  relations  which  exist  between  the 
instantaneous  impressed  and  counter  electric  pressures 
during  the  first  half  period.     The  abnormal  state  of  the 


t  llav,  i>n    linpulsivo   t  urrcnt-rushcs   in   Inductive   Circuits,  l^'ff'^'* 
Ih-tfi^t.JH,  \\»l.  33,  i>p.  J29,  277,  and  305. 
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urrent  can  only  exist  for  a  very  short  time  unless  the 
eactance  of  the  circuit  approaches  a  condition  of  res- 
nance  (Appendix  D),  which  is  very  exceptional.  As 
ar  as  the  operation  under  ordinary  conditions  of  trans- 
Drmers  or  other  commercial  alternating-current  appli- 
nces  is  concerned,  the  phenomena  of  current  rushes 
lay  be  entirely  neglected. 

142.  Impedance  Coils,  Compensators,  etc. — The  design 
f  impedance  coils^  reactance  coils^  choking  coils^  or  econ- 


3 
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Flff.  244 


^y  coils  as  they  are  variously  called,  is  carried  out  very 
^uch  in  the  same  manner  as  the  design  of  a  trans- 
^rmer.  These  coils  consist  of  a  magnetic  circuit  with  a 
binding  of  small  resistance,  but  large  inductance.  The 
Magnetic  circuit  and  winding  are  proportioned  in  exactly 
^e  same  manner  as  the  primary  winding  of  a  trans- 

^rmer,  using  the  formula  E  = ^  ^  "•^-     Coils  of  this 

»^pe  are  used  for  a  variety  of  purposes  where  it  is 
^sired  to  throttle  the  flow  of  current  without  the 
^tendant  loss  of  power  which  always  follows  the  use  of 
-sistances.  Where  arc  lamps  are  used  on  constant- 
'"essure  alternating-current  circuits,  an   economy   co\l 
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netic  circuit,  to  which  both  the  primary  and  secondary 
circuits  are  connected.  Figure  248  shows  the  connec- 
tions of  a  220  volt  compensator  which  feeds  two  no  volt 
secondary  circuits.    In  this  case  the  function  of  the  com- 


T 


I 

I 


T 

I 


FI9.  248 

pen  sat  or  is  to  equalize  the  pressure  between  the  two 
sccoiulary  circuits  regardless  of  their  relative  loads. 
This  purpose  is  fulfilled  fairly  well,  but  the  regulation 


I 


i 


FlfiT.  240 


IS  not  as  satisfactory  as  that  of  a  transformer.  Figure 
249  shows  the  connections  of  a  220  volt  compensator 
which  supplies  a  1000  volt  secondary  circuit.  When 
one  of  the  secondary  terminals  of  a  compensator  is 
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arranged  so  that  the  position  of  its  connection  to  the 
winding  may  be  varied,  the  machine  is  called  an  Auto- 
transformer.  The  secondary  pressure  and  current  of  an 
^  auto-transformer  may  be  arranged  to  vary  through  any 
L  desired  range,  while  the  primary  current  changes  only 
I  so  far  as  is  required  by  any  change  in  the  power  ab- 
F    sorbed  by  the  secondary  circuit. 


2N 
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CHAPTER   XIII. 

POLYPHASE  CONDUCTING   SYSTEMS   AND  THE   MEASURE- 
MENT  OF   POWJER   IN   POLYPHASE  CIRCUITS. 

143.  Polyphase  Conducting  Systems.  —  A  full  disa» 
sion  of  conducting  systems  has  no  place  in  this  booki 
but  a  brief  explanation  of  the  methods  of  connecting 
the  coils  of  polyphase  machines  and  the  wires  of  poly- 
phase circuits  is  essential  for  the  purposes  of  the  foDow- 
ing  chapters. 

Polyphase  systems  are  usually  operated  with  either 
two  currents  with  approximately  90°  difference  of  phase, 
or  three  currents  with  approximately  120°  phase  differ- 
ence. Polyphase  machines  arranged  for  two  currents 
are  called  Two-phase  Machines,  or  Two-phasers.  Those 
arranged  for  three  currents  are  called  Three-phase  or 
Tri-phase  Machines,  Three-phasers  or  Tri-phasers  (s^ 
page  386). 

The  transmission  circuits  for  two-phase  currents 
may  be  arranged  to  be  entirely  independent  of  each 
other,  four  wires  being  then  required  (Fig.  250) ;  or, 
three  wires  may  be  used,  in  which  case  one  of  the© 
is  common  to  the  two  currents  (Fig.  251) ;  the  current 
in  the  third  or  common  wire,  at  any  instant,  is  equal  to 
the  algebraic  sum  of  the  currents  in  the  other  two,  and 
the  algebraic  sum  of  the  instantaneous  currents  in  the 
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^nr  wins  is  always  equal  to  zero.  The  effective  cur- 
Mit  in  the  common  return  wire  is  equal  to  the  vector 
im  of  the  two  circuit  currents;  and  is,  therefore,  VJ C, 
here  C  is  the  effective  current  in  one  circuit,  pro- 
ided  the  currents  are  equal  in  the  two  circuits  and 
ave  a  phase  difference  of  90°,  which  is  the  condition 


FiiT.  260 


Flff.  260a 


hen  the  system  is  properly  designed  and  symmetri- 
illy  loaded  or  Balanced.  The  pressure  between  the 
vo  outside  wires  of  the  two-phase  system  with  com- 
mon return  is  the  vector  sum  of  the  two  circuit  press- 
res,  and  is,  therefore,  V2  ^  in  a  balanced  system, 
here  E  is  the  pressure  between  one  side  and  the 
:>mmon  return.  The  com- 
lon  current  and  pressure  in 
balanced  system  are  45* 
om  the  phase  of  the  cur- 
ent  in  either  of  the  inde- 
•endent  wires.  Figure  252 
hows  the  graphical  compo- 
ition  of  the  pressures.  A 
nd  B  are  the  two  line  press-  pi^.  26I 
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urc$»  aiui  R  is  the  resultant  pressure  measured  across 
the  outside  wires. 

The  c\nls  of  two^>hase  machines  may  be  entirely 
inde|v^ndent  of  each  other,  in  which  case  four  collec- 
tor rings  arc  required,  or  the  circuits  may  be  joined  so 
as  to  require  only  three  collector  rings.      In  some  two-  i 
phase  machines  the  armature  is  wound  with  the  equiva- 
lent of  a  series^th  continuous-current  winding,  2nd 
four  cvUIector  rings  and  independent  circuits  are  then  r^ 


Huiiwl  to  ,i\\"^id  short HTircuiting  jx>rtions  of  the  armature. 
l''\;;i;tv  .*N ;  shows,  bv  vii,u:nini,  various  ways  of  connect* 
iuj;  :ho  co.Is  ot  t\\\vphasc  machines  (see  Sect.  I02J)- 

1:  is  jvss;Mo.  in  three-phase  systems,  to  use  three 
entirely  iv.viojxr.viont  circuits,  each  consisting  of  two 
wires,  auvi  carrying  currents  of  i^O'"^  difference  oi  phase;' 
but  in  ;^rav  tice  :ho  ci;ci:i:s  are  almost  in\-ariablv  combined 
SO  as  to  ;:se  throo  wires,  and  the  current  in  each  w'^ 
is  then  cxjual  to  the  vector  sum  ol  two  circuit  currents    } 


\ 
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The  coils  of  three-phase  machines  may  be  connected 
;ether  so  that  they  form  the  three  sides  of  a  triangle 


■•-AAAA^ 


7 


Fiff.  263 

th  the  transmission  wires  connected  to  the  three  cor- 
:rs  of  the  triangle  (Fig.  254),  or  one  end  of  each  coil 

■A 


FifiT.  264 

y  be  individually  connected  to  the  transmission  wires. 
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the  free  ends  of  the  coils  being  connected  together  f 
255). •     [n  either  case  the  number  of  transmission  w 


S,. 


Flff.  365 


is  three,  and  t/if  algebraic  sum  of  their  instantaneous 
rents  is  always  equal  to  sero.  In  the  latter  or  I 
arrangement,  which  is  often  represented  by  the  syn 


-F\g.  256 

Y,  the  pressure  between  any  two  hne  wires  in  a  balar 
system  is  V3  E,  where  E  is  the  pressure  in  one  co 
the  machine.    Thus  in  Fig.  256,  if  a,  b,  and  c  are  thepr 


in  a  vector  diagram,  the  pressure  between  A  and  C 
R,  which  is  V3  E  in  magnitude  and  has  30°  differ- 

of  phase  from  a  or  ~  c.  In  Fig.  257  the  curve  J? 
's  the  potential  difference  between  A  and  C.  The 
current  must  in  this  case  be  the  same  as  that  pass- 
throu^'h  the  coil  to  which  it  is  attached.  In  the 
ogle  or  Mesh  winding,  which  is  often  represented 
he  symbol    A,  the  pressure  between  wires  is  evi- 


[PiB.  257  1 


ly  that  generated  by  one  coil,  and  the  current  in  the 
wire  is  the  resultant  of  that  in  two  adjacent  coils, 
'3  C  in  a  balanced  system,  where  C  is  the  current  in 
il.  This  may  be  obtained  from  Fig.  256  by  consid- 
;  a,  b,  and  r  to  be  currents.  If  a  is  the  initial  cur- 
from  which  the  phase  is  measured,  b  must  be  taken 
ward,  as  this  current  must  flow  in  the  opposite 
:tion  from  a,  in  order  to  get  to  the  line  which  is 


J 
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oonncctei  to  the  jimctioii  of  m  and  Jl  This  makes  the 
resaltisi  czurcnt  jo'  from  the  cnnent  m,  Figore  258 
sbovs  TxrioQS  ways  in  which  the  ooib  of  threej)liase 
cuchiaes  mar  be  connected.  The  anangements  are 
cither  of  the  star  or  mesh  connection  or  a  combinatioo 


rsxV^ 


144.  Uniform  Power  in  Polyphase  Systems. — In  gen- 
era'., the  power  transferred  in  a  balanced  polyphase 
circuit    is   ur.iiomi    throughout    each    period,  and  the 

• 

torque   exerted    by   balanced   polyphase   machinery  ^ 

• 

uniform.  This  is  different  from  the  conditions  ^ 
single-phase  circuits,  where  the  power  has  been  sho^ 
to  vary  from  a  maximum  to  a  minimum  during  every 
quarter  perioc:  'Sect  45).  In  the  case  of  a  single-phase 
"lircuit  the  power  at  any  instant  is  r^.  sin(a  — ^jsiD« 
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=  c^e^  sin^  a  cos  0  —  cj:^  sin  a  cos  a  sin  0,  which  varies 
vith  a.  In  a  balanced  two-phase  circuit  the  instan- 
aneous  power  is  cj^^  sin*  a  cos  <^  +  r^^^  sin*  (a  —  90°) 
:os  ^  =  c^e^  cos  <^  (sin*  a  +  cos*a)  =  r^^^  cos  <^,  which  is 
:onstant.  In  the  same  way  the  power  in  a  balanced 
hree-phase  circuit  is  cji^  cos0{sin*a  + sin*  (a  —  120°) 
f  sin*  (a  —  240°)  I  =  f  c^e^  cos  <^,  which  is  constant ;  and, 
n  general,  the  power  in  any  balanced  polyphase  circuit 

n  which  the  phase  differences  are  equal  to  —  or  —^ 

ni         m 

vhere  m  is  the  even  or  odd  number  of  phases,  is, 

V.cos<^  I  sin*  a  +  sin*(a J-fsin*(a— —  j+ ••• 

,     .0/       2{m-  i)7r\  ) 

^hich  is  equal  to  f  —  j  r^^'„cos<^,  and  is  constant,  since 

sin*a  +  sin*f  a )+  sin*f  a  —  - — )-f  ••• 

\  mj  \         m  J 

,     .  „/         2  (w  —  i)7r\      m* 
V  m         J       2 

The  uniformity  of  power  in  a  balanced  polyphase 
circuit  may  also  be  directly  deduced  from  the^proposi- 
tion  that  the  resultant  of  ;;/  equal   harmonic    motions 

Acting  in  lines  having  an  angular  difference  of  —  is  a 

m 

uniform  circular  motion  with  an  amplitude  equal  to  — 
•imes  the  amplitude  of  the  components. 


♦  Todhunter's  Plane  Trigonometry ^  p.  243. 
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145.   Algebraic  Sum  of  Instantaneous  Currents  is  Zero. 

—  It  is  also  easily  proved  that  the  algebraic  sum  of  Ihe 
instantaneous  currents  in  a  balanced  polyphase  circuit 
of  any  number  of  phases,  m,  is  always  equal  to  lero. 
Thus 


t.  =r.„sin  a 


_27rY 

_4TY 


Hence,  Ci  +  ^a  +  Cg  +  —  +e^  =  'r^  j  sin  a  +  sin  [a-^ 

but  evidently,  sin  a  +  sinfa  -  —")  +  sinfa  - 1^1  +  - 
+  sin(a-2<'"-'>^)  =  0,. 

and  therefore  i:i  +  c^  +  c^+  — |-c„  =  0.  When  poly- 
phase circuits  have  an  odd  number  of  phases,  ih' 
number  of  line  wires  may  be  equal  to  the  number  of 
phases,  but  when  the  number  of  phases  is  even,  lt>' 
number  of  line  wires  must  be  one  greater  than  tiie 
number  of  phases,  f 


I 


•  Todhunlet's  F/atit  Tri^ 


AUclrifHt.  Vol.  JO,  p.  351, 


llry.  p.  143.  I 

Blondel,  Elementaiy  Theory  of  Rotary  Field  AppaiatU!,  /a  iw"^  I 
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146.   Relations    between    Currents  and  Pressures.  — 

The  following  are  the  relations  between  the  currents 
and  the  pressures  in  the  lines  and  coils  of  a  balanced 
three-phase  system  developed  from  the  earlier  discus- 
sion (Sect.  143) ; 

1.  Star  Connection.     C,=  C, ;  E„=E^^=Eg^=^iE,y 
Line  pressure  £"1,15  the  vector  sum  of  coil  pressures  £, 
anil  Ei  and  is  30"  behind  the  phase  of  coil  pressure  E^      \ 
Line  pressure  Ej,c  is  the  vector  sum  of  coil  pressures  £,       T 
and  E,  and  is  30°  behind  the  phase  of  coil  pressure  £",. 
Similar  relations  hold  for  the  other  two  corners. 

2.  Af^s/i  Connections.  E,,  —  E„  C,  —  V3  C,.  Line 
current  C,  is  the  vector  sum  of  coil  currents  C,  and  Ci  VT/ 
and  is  30°  ahead  of  the  phase  of  coil  current  C.  and  30°  ' 
tehind  the  phase  of  coil  current  C,.      Similar  relations 

hold  for  the  other  corners.  | 

The  subscripts  applied  to  the  letters  (Tand  £  in  the 
paragraphs  above  have  the  following  meanings:  /,  line; 
<r,  coil ;  a,  b,  specific  coils ;  A,  B,  specific  lines ;  AB, 
■AC,  BC,  measurements  between  the  respective  corners 
cf  the  circuits.  Figures  254,  255,  256,  and  257  should 
be  used  for  reference. 

If  the  circuits  of  utilization  in  a  polyphase  system 
are  not  machines  (for  instance  incandescent  lamps),  the 
devices  must  be  connected  exactly  as  would  be  the  coils 
of  a  machine,  unless  transformers  intervene,  in  which 
Case  the  secondary  circuits  may  be  independent;  but  the 
load  should  be  uniformly  distributed  to  keep  the  system 
balanced.  In  three-phase  circuits  in  which  the  gener- 
3-lor  coils  are  connected  in  star  fashion,  a  fourth  wire 
Hiay  be  introduced  which  runs  from  a  common  iunctvQ'A 
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of  the  three  branches  of  the  load  to  the  neutral  point  of 
the  generator,  but  this  method  is  not  used  commercially. 

147.  Effect  of  Mutual-  and  Self-induction  between  (^ 
cults. — The  effects  of  self-  and  mutual-induction  in 
polyphase  circuits  may  be  determined  by  using  the 
principles  already  set  forth  (Sects.  47  and  no),  pro- 
vided the  resultant  effect  of  the  differing  phases  is 
always  properly  considered.     In  unbalanced  systems 
the  mutually  inductive  influence  of  the  circuits  tends  to 
increase  their  defects  in  balance.*    In  order  to  regulate 
phase    pressures    independently,    pressure    regulators 
such  as  those  described  in  Section  82,  or  rheostats,  must 
be   introduced   in   each    phase;    or,   if   the   generator 
armature  is  stationary,  the  number  of  active  conduc- 
tors on   each  phase  may  be  varied  by  a  commutator. 
(I^^xamplc:    Stanley   alternaton)      In    some   polyphase 
alternators  where  the  armatures  of  the  different  phases 
are  influenced  by  different  field  frames,  the  regulation 
may  be  effected  by  varying  the  field  magnetism  (Ex- 
ample :    large   Westinghousc   alternators),   but  this  is 
an  unusual  construction. 

148.  Measurement  of  Power  in  Two-  and  Three-phase 
Circuits.  —  The  principles  underlying  the  methods  of 
measuring  power  in  polyphase  circuits  differ  in  no 
respect  from  those  already  deduced  in  relation  to  single- 
phase  circuits  (Sect.  44),  but  it  is  desirable  to  apply 
them  in  such  a  way  as  to  reduce  the  number  of 
necessary  readings  to  a  minimum.  For  satisfactory 
measurements,  non-inductive  wattmeters  are  of  essen- 
tial    importance,    and     very    satisfactory    commercial 

♦  Electrical  Worlds  Vol.  25,  p.  302. 


MEASUREMENT  OF  POWER. 


557 


portable  wattmeters  are  now  to  be  had  for  a  reason- 
able price. 

A,    Two-Phase  Systems. 

A  I.  Independent  Circuits.  In  a  two-phase  system 
with  separate  circuits,  independent  wattmeter  readings 
are  taken  in  each  circuit  and  the  total  power  is  the  sum 


FifiT.  259 

>f  the  readings.  One  wattmeter  placed  in  each  circuit 
.Fig.  259),  from  which  simultaneous  readings  are  taken, 
^  the  best  arrangement;  but  if  two  wattmeters  are  not 
^  be  had,  one  may  be  inserted  successively  in  the  two 
-ixcuits,  and  the  sum  of  the  readings  is  equal  to  the 
?>ower  in  the  system,  provided  the  load  does  not  vary 
'''^hile  the  readings  are  being  taken.  If  the  circuit  is 
^^rfectly  balanced,  twice  the  reading  of  a  wattmeter  V5\ 
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one  circuit  is  equal  to  the  power,  but  this  is  a  condition 
which  cannot  be  relied  upon. 

A  2.  Circuits  with  Common  Return. — Two  wattmeters 
may  here  be  used,  one  for  each  circuit,  connected  in 
the  way  shown  in  Fig.  260.  The  arrangement  shown 
in  Fig.  260  a  is  equivalent  to  a  single  wattmeter  con- 
nected as  in  Fig.  261,  and  is  only  correct  for  a  system  in 


B 


PlfiT.  261 


exact  balance.  When  the  single  wattmeter  is  used  in  a 
balanced  system,  the  current  coil  is  placed  in  the  com- 
mon wire,  and  a  reading  is  taken  with  the  free  end  of 
the  pressure  coil  connected  to  one  outside  wire.  The 
pressure  coil  terminal  is  then  quickly  transferred  to  the 
<^ther  outside  wire  and  a  new  reading  taken.  The  con- 
^Jtion  of  exact  balance  is  not  to  be  relied  upon,  so  that 
the  arrangement  of  Fig.  260  must  ordinarily  bvi  \3kS>vi^^, 
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The  sum  of  tbc  readings  of  tbe  two 
give*  the  power  in  the  system. 


B.    Three-Pkase  Systems. 
B  I.   Thret  WattmeteTE.  —  a.    If  the  power 


by  a  gcnunit 
which  is  roi 
thruc  watlinu 


f  a  motor  or  other  devict, 
shion,  is  to  be  measure! 
\,  connected  as  shown 


FIr.  263,  provided  the  common  or  neutral  point  is  accfis- 
siblo.  It  is  evident  that  each  wattmeter  measures  llK 
power  in  one  coil  so  that  the  sum  of  the  readings  givo 
the  power  in  the  system.  If  the  system  is  exacily 
balanced,  Ihree  times  the  reading  of  one  wattnieBf 
gives  the  power. 

h.    If  the  devices  are  connected  mesh  fashion,  thr* 

■attnietcrs  may  still  bo  used,  provided  the  current  coil* 

the  waUm»:Wrs  can  be  inserted  directly  into  the  ci* 
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cuits  as  shown  in  Fig.  263.    The  power  in  the  circuit 

equal  to  the  sum  of  the  three  wattmeter  readings, 

d  if  the  circuit  is  exactly  balanced,  three  times  the 

ading  of  one  wattmeter  gives  the  power. 

c.   When  it  is  impossible  to  insert  the  wattmeters  in 

e  coil  circuits  of  a  device  with  mesh  connection,  the 

ree-wattmeter  method  may  still  be  used  by  the  crea- 

)n  of  an  artificial  neutral  point  as  shown  in  Fig.  264. 

3r  this  purpose,  three  equal  non-reactive  resistances 
A 


FifiT.  263 

re  connected  together  at  one  end,  and  the  other  ends 
re  connected  to  the  respective  corners  of  the  mesh 
ircuit.     The  pressure  between  the  neutral   point  and 

ither  corner  is  equal  to  — '-,  where  R  is  the  pressure 

>f  one  coil,  and  the  phase  of  this  pressure  is  <^  degrees 
n  advance  of  the  current  entering  the  corner.  A  watt- 
meter with  its  current  coil  inserted  in  thvi  c\XQ.\xyX  ^\\v^ 


20 
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leading  to  the  comer  carries  a  current  equal  to  V3  C, 
and  if  the  free  end  of  the  pressure  coil  is  connected  to 
the  neutral  point,  the  power  reading  of  the  wattmeter  is 


il.     Care  must  be  lakeo 
[traeter  pressure  cofla  ire 


so  large  compared  with  the  three  auxiliary  resisianco 
that  connecting  them  in  circuit  does  not  disturb  tb* 
pressure  of  the  neutral  point.  If  the  resistances  of  tin , 
wattmeter  pressure  coils  are  exactly  equal,  auxili^ 
resistances  are  unnecessary,  and  the  measurement  aijl 
be  made  by  joining  the  free  ends  of  the  three  pressoi*] 
coils. 

These  methods  are  independent  of  the  conditin"  i" 
knee  in  the  system  or  the  current  lag. 
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!.  Two  Wattmeters.  —  The  algcliraic  sun)  of  the 
igs  of  two  wattmeters,  inserted  in  a  three-phase  , 
t  as  shown  in  Fig,  265,  gives  the  power  in  the 
n  with  entire  independenci;  of  the  balance  of  the 
n  or  current  lag.  When  the  current  lag  in  the 
t  is  less  than  60°,  or  the  power  factor  is  greater 
.50,  the  arithmetical  sum  of  the  readings  is  equal 
■  power  in  the  circuit;  but  if   the  lag  is  greater 


Fig.  265 


60"  (the  power  factor  is  less  than  .50),  the  rela- 
if  the  currents  in  the  current  and  pressure  coils 
C  of  the  wattmeters  causes  it  to  have  a  negative 
ig,  and  the  arithmetical  difference  of  the  read- 
rf  the  two  instruments  gives  the  power.  There 
Be  difficulty  in  distinguishing  which  condition 
in  many  cases,  especially  when  the  power  ab- 
i  by  partially  loaded  induction  motors,  in  which 
ower  factor  is  low,  is   under  measmemeTVi.      ^lS 
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a  general  rule,  if  the  conditions  do  not  make  the  case 
evident,  the  truth  may  be  discovered  by  interchanging 
the  positions  of  the  instruments  without  altering  the 
relative  connections  of  their  main  and  pressure  coils. 
If  the  deflections  of  both  needles  are  reversed,  the  dif- 
ference of  tb  ■  ■  '  '■  gg  represents  the  power, 
but   if    the  I   the   same   direction  as 

before,  the  s  js  is  correct.     The  proof 

of  this  theore  tion  149. 

A  double  v,  ing  of  two  fixed  coils  anii 

two  movable  1  die,  can  be  used  in  meas- 

uring power  by  tne  two  waitmeter  method.  Such  m 
instrument  of  itself  sums  up  the  double  reading  algebra- 
ically, and  a  single  reading  gives  the  power.  Recording 
wattmeters  based  upon  this  principle  can  be  made  veiy 
useful  in  the  commercial  sale  of  power  from  two-phase 
and  three-phase  circuits. 

B  3.  One  Wattmeter.  —  In  a  balanced  circuit  one 
wattmeter  may  be  very  conveniently  used  by  connect- 
ing the  current  coil  in  one  wire  and  connecting  tb' 
free  terminal  of  the  pressure  coil  alternately  to  ths 
other  two  leads  (Fig.  266).  when  the  sum  of  the  read- 
ings gives  the  power.  For,  the  power  reading  of  tiic 
wattmeter  in  its  first  position  is  Vj  C£  cos  (^ -I- 30")- 
and  in  its  second  position,  V3  C£  cos  (^  —  30°),  w"' 
the  sum  of  the  readings, 

V3  r£'lcos(^-f-3o'')  +  cos(0-  30°)i  =  3r£'cosi*, 

where  C,  E,  and  0  are  the  current,  pressure,  and  ug 

in  a  coil;   but  CE cos ifi  is  the  power  in  one  coii  a"'' 

CE  cos  4>  is  the  total  power  of  the  three  coils,  bcc^ 
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one  wattmeter  gives   correct   indications   provided 
the  same  for  all  the  coils,  and  the  load  is  uniformly 


Figr.  266 


•ibuted.      A    wattmeter    having     two    independent 
sure  coils  could  be  used  as  a  direct  reading  instru- 


Figr.  2ee  a 


t  for  this  purpose.     A  similar  wattmeter  could  also 
ised   in   one-wattmeter  measurements  of   power  ia 
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two-phase  circuits.  An  ordinary  wattmeter  with  one 
pressure  coil  may  be  used  for  the  double  measurement 
at  one  observation  by  connecting  the  free  end  of  the 
pressure  coil  to  the  middle  of  a  high  non-inductive 
resistance  which  connects  the  two  lines  opposite  to  the 
one  in  which  the  current  coil  is  inserted  (Fig.  26611). 
This  reading  "  to  the  sura  of  the  read- 

ings  with   tht  icnt,   but   the   wattmeter 

constant  must  nth  one-half  of  the  high 

resistance  in  « 

149.  Measuj  1  Any  Polyphase  Circuit,* 

—  In  the  case  of  a  po  system  of  w/  phases  ani 

m  conductors,  the  power  in  the  circuit  may  be  measured 
by  m  —  I  wattmeters.  Supposing  A,  B,  C,  D.  etc.,  ire 
points  where  the  in  conductors  of  a  ])olyphase  supply 
circuit  connect  to  the  circuits  under  test,  then,  as  has 
been  already  proved  (Sect.  145),  'Lc  =  o,'\{  c  represents 
the  instantaneous  current  in  any  branch.  The  power 
supplied  through  the  A  conductor  at  any  instant  is 
equal  to  -—  =  cj:<„  where  q,  is  the  quantity  of  elec- 
tricity brought  to  A  during  a  time  dt,  and  v,  is  the 
absolute  electrical  potential  of  A. 

The  average  power  transferred  through  conductor  A 

during  a  complete  period  is  --;  |  c^v^dl,  and  the  total 
power  in  the  circuit,    W—'^—x    cvdt. 


•  Blondtl,  Measurement  of  tlie  Energy  of  Polyphajc  CiuTPnU,  fr*' 
Bitct.  Congreis  hild  al  Chicage,  p.  ill;  Lutit,  Meuurement  of  Ihc  Po"" 
of  Polyphsse  Currents,  EUclrieal  Wurlil,  Vol,  33,  p,  771. 
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The  absolute  potentials  of  the  points  are  inconvenient 
measure,  and  it  is  desirable  to  introduce  into  the 
mula  the  difference  between  the  pressures  at  the 
nts  and  some  fixed  point  of  potential  v\  Since 
=  o,  we  also  have  2f z/'  =  o,  and  2a;'  may  therefore 
directly  inserted  in  the  formula  without  destroying 
equality,  or 

JF=  2|,J[  V  -  cv^)dt  =  ^j^^^civ  -  v^)dL 

iting  €  for  v  —  7/  (the  instantaneous  difference  of 
ssure  between  the  fixed  point  and  any  given  point 
the  system)  gives 

ir=  s  i  Cccdt. 

z  fixed  point  may  be  taken  at  one  of  the  corners  of 
circuit,  A  for  instance,  since  ^rJ  =  o  holds  equally 
it,  and  the  power  formula  becomes 

^'=  -~j^  c^Co^fit  +'  ^,J^  c^^t  -f  etc.  4-  y, J*  c^e^jlt, 

JV=  G/T,,  cos  0'  4-  C,E^  cos  0"  -f  etc. 

jrc  0\  0'\  etc.,  are  the  angular  differences  in  the 
scs  of  the  pressures  and  currents.  The  terms  on 
right  of  the  equation  are  the  familiar  forms  rep- 
enting the  power  readings  of  a  wattmeter,  so  that 
'i  —  I  wattmeters  are  inserted  in  circuit  with  their 
rent  coils  respectively  in  the  vt  —  i  conductors,  B, 
D,  etc.,  and   the  free  ends  of  their  pressure  covls» 
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all  connected  to  A,  the  algebraic  sum  of  their  readings 
is  equal  to  the  power  in  the  system. 

When  the  circuit  includes  three  phases  only*  the 
formula  is   W==  C^E^  cos  tf '  +  CJS^  cos  tf ",  and  only 
two  wattmeters,  connected  as  in  Fig.  265,  are  required  1 
to  give  the  power  in  the  circuit,  but  due  regard  must  be  j 
had  to  the  relative  signs  of  cos^  and  cos^'.      From  ^ 
the  relative  phases  of  the  currents  C^  and  C^  and  press- 
ure E^  (Sect.  146)  it  is  easy  to  see  that  in  a  balanced 
system  ^'  =  <^'  -  30'',  and  also  that  ff'  =  ^"  +  30%  and 
therefore 

W^  C,E^  cos  (<^'  -  30)^  +  C^^cos  (^''  +  30"), 

in  which  <^'  and  <^"  are  the  angles  of  lag  of  the  circuit 
currents.  The  formula  shows  that  the  first  term  at 
the  right,  which  represents  the  reading  of  one  watt- 
meter, is  positive  within  the  limits  <^'  =  -f  90**  and 
<^'  =  —  60°,  and  that  its  value  is  negative  between  the 
limits  <!>'  =  —  60°  and  (f>'  =  —  90°.  The  second  term,  I 
which  represents  the  reading  of  the  second  wattmeter, 
is  positive  between  the  limits  —  90°  and  -f-  60°  and 
negative  between  +60°  and  +90°.  Consequently,}^ 
t/ie  current  lags  equally  in  the  circuits^  or  <^'  =  ^",  both 
wattmeters  have  a  positive  reading,  and  the  power  in  thi 
circuit  is  the  sum  of  the  readings,  for  angles  of  l^ 
be  twee  ?i  4-  60°  and  —  60°.  ff  the  angle  of  lag  is  +  60* 
(the  current  lags  behind  the  pressure),  the  second  watt- 
meter reading  is  zero,  and  the  power  in  the  circuit  is 
equal  to  the  reading  of  the  first  wattmeter.  If  the  lag  is 
greater  than  4-  60°,  the  reading  of  the  first  wattmeter  is 
positive  and  the  second  is  negative,  and  the  power  in  the 
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nit  is  equal  to  the  difference  of  the  two  readings, 
tin,  if  the  angle  of  lag  is  —  60°  (the  current  leads 
pressure),  the  first  wattmeter  reading  is  zero,  and 
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*ioiver  in  the  circuit  is  equal  to  the  reading  of  the  second 
nnnejit.  If  the  lead  is  more  than  60°,  the  reading  of 
first  instrument  is  negative  and  of  the  secoxvd  ^o^v 
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tive,  and  the  power  in  the  circuit  is  equal  to  the  difference 
of  t/ie  two  readings.     When  the  angle  of  lag  is  ±  90^ 
the  readings  of  the  two  instruments  are  equal,  but  one 
is  positive  and  the  other  negative.     The  relation  of  the 
wattmeter  readings  to  the  angle  of  lag  between  +90'' 
and  —  90°  are  shown  by  the  curves  in  Fig.  267.    These 
are  two  equal  sinusoids  with  a  phase  difference  equal  to 
60^.     The  readings  of  two  wattmeters   in  a  balanced 
three-phase  circuit  at  any  value  of  the  lag  are  in  the 
proportion  of  the  corresponding  ordinates  of  the  two 
curves.     The  same  conditions  obtain  in  an  unbalanced 
circuit,  provided  equivalent  angles  of  lag  are  considered 
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CHAPTER   XIV. 

ALTERNATING-CURRENT    MOTORS. 

.50.     Alternators   as   Synchronous    Motors.*  —  Any 

jmator  may  be  run  as  a  motor,  provided  it  is 
►ught  up  to  synchronous  speed  and  into  step  be- 
e  it  is  thrown  into  circuit.  The  motor  will  then 
I  in  complete  synchronism  if  left  to  itself.  If  it  is 
irloaded,  or  by  other  means  is  thrown  out  of  synchro- 
m,  it  will  stop.  In  general,  the  action  of  an  alter- 
tor  used  as  a  synchronous  motor  is  quite  similar  to 
It  of  an  alternator  operated  in  parallel  with  another. 

great  disadvantage  of  single-phase  synchronous 
)tors  is  the  fact  that  they  are  not  self-starting,  but 
1st  be  brought  up  to  speed  before  they  will  operate ; 
d  while  polyphase  synchronous  motors  may  be  made 
start  themselves  without  load,  the  operation  is  uneco- 
mical.      The  starting  of  single-phasers  may  be  done 

a  small  series-wound  auxiliary  motor  made  with  1am- 
ited  fields.     Such  a  motor  will  run  when  placed  in 

alternating-current  circuit,  since  the  magnetism  of 
I  fields  and  armature  will  reverse  together  as  the  cur- 

*  Picou,  Transmission  de  Force  par  Moteurs  alternatifs  synchrones, 
^/.  Soc.  Int,  iUctriciens^  Vol.  12,  p.  60;  Blond  cl,  Couplage  et 
ichronization  des  Alternateurs,  La  Lumicre  i.Uctriqu€^  Vol.  45,  pp. 
,  563 ;  Rhodes,  A  Theory  of  Synchronous  Motors,  PhiL  Mag.^  July, 
5;  Alt.  Current  Motors,  Lond.  Elect.  Kevicw,  Vol.  37,  pp.  182,  222. 
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rent  changes  direction;  but  very  little  power  can  be 
developed  by  such  a  machine  on  account  of  its  enor- 
mous self-inductance.  A  small  two-phase  motor  (Sect 
182),  with  a  device  for  splitting  the  current  into  tro 
phases,  may  be  used  (see  Fig.  268);  or  the  exciter  of 


the  alternator  may  bo  nin  as  a  motor  by  a  stoi^'  , 
b:tttcry  and  used  to  bring  the  alternator  into  synchi* 
nisni,    the    st<>r;ige    battery   being    recharj;ed   by  t^" 
rent  fmm  the  exciter  after  the  alternator  is  operating 
on  the  circuit.     Polyphase  synchronous  motors  may  "^ 

<tarted  by  an  ordinary  polyphase  induction  motor,  sucn 

a  is  described  in  later  sections. 
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While  the  practical  disadvantage  of  synchronous 
motors,  due  to  the  fact  that  they  are  not  self-starting, 
may  be  overcome  by  these  special  devices,  the  expense 
of  motor  equipment  is  increased,  and,  at  the  best,  the 
motor  cannot  be  started  under  load.  Consequently, 
synchronous  motors  are  not  satisfactory  for  general 
power  distribution.  They  have  been  used  with  con- 
siderable satisfaction  in  certain  special  plants  for  the 
long-distance  transmission  of  power,  and  may  be  said 
to  be  destined  to  play  an  important  part  for  such  work; 
but  for  general  power  transmission  and  distribution  pur- 
poses, they  cannot  be  satisfactorily  used. 

151.  Relation  of  Field  Strength  to  the  Working  of 
Synchronous  Motors.  —  When  a  synchronous  motor  is 
j)ut  in  the  circuit,  a  peculiar  relation  exists  between  the 
strength  of  the  field  of  the  motor  and  the  current  in 
its  armature.  In  continuous-current  motors,  if  the 
strength  of  the  field  is  slightly  changed  without  alter- 
ing any  of  the  other  conditions,  the  speed  of  the  motor 
changes  inversely,  and  the  current  in  the  armature 
remains  practically  unchanged ;  but  the  speed  of  a 
synchronous  motor  cannot  change  permanently,  and, 
consequently,  upon  first  consideration,  it  would  appear 
that  the  field  of  a  synchronous  motor  must  be  exactly 
adjusted,  in  order  that  the  machine  may  operate  sat- 
isfactorily. This,  however,  is  proven  not  to  be  the 
case  in  practice,  on  account  of  the  effect  which  may 
be  gained  through  variations  of  the  relative  phases 
of  the  current  and  of  the  impressed  and  counter 
pressures.  The  active  pressure,  which  at  any  instant 
Causes   current   to    flow    through    the   armature    of    a 
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motor,  is  equal  to  the  difference  of  the  correspond- 
ing instantaneous  values  of  the  impressed  and  counter 
pressures.  If  the  field  strength  of  a  motor  is  so 
adjusted  that  the  values  of  the  impressed  and  coun- 
ter pressures  are  equal,  and  the  motor  armature  is 
brought  into  exact  step  with  the  impressed  pressure 
curve,  then,  when  the  motor  is  switched  on  the  supply 
main,  it  will  fall  back  in  phase  with  respect  to  the 
impressed  pressure,  sufficiently  to  permit  the  proper 
load  current  to  pass  through  the  armature.  Now  sup* 
pose  that  at  some  instant  the  load  is  increased,  the 
difference  of  instantaneous  pressures  at  that  instant 
will  be  insufficient  to  pass  the  current,  which  is  neces- 
sary for  the  new  load,  through  the  armature.  The 
motor,  therefore,  falls  back  in  its  phase  without  losing 
synchronism,  if  the  load  is  not  too  great,  and  then 
continues  operating  in  synchronism,  but  with  a  greater 
lag  in  step.  When  a  motor  lags  in  step  behind  the 
phase  of  impressed  electromotive  force,  its  counter 
pressure  lags  to  an  equal  extent.  The  armature  cur- 
rent ordinarily  takes  an  intermediate  phase,  so  that  it 
is  behind  the  resultant  pressure,  but  in  advance  of 
opposition  to  the  counter  pressure. 

Were  it  not  for  the  effect  of  the  current  lag  with 
respect  to  the  resultant  pressure,  caused  by  self-induc- 
tance, it  would  be  necessary  to  adjust  the  field  exci- 
tation of  a  synchronous  motor,  so  that  its  counter 
pressure  would  be  less  than  the  impressed  pressure, 
and  the  range  of  load  carried  with  a  given  excitation 
would  be  small.  The  effects  due  to  the  current  lag, 
however,  make  it  possible  to  adjust  the  field  excitation 
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ce  for  all,  so  that  the  motor  may  be  operated  on  a 
dely  varying  load.     It  is  even  possible,  on  account 

the  automatic  adjustment  of  the  pressure  phases,  to 
crate  a  motor  when  its  excitation  is  much  greater  or 
ach  less  than  its  normal  value.  The  adjustment  is 
sisted  by  the  effect  of  armature  reactions  on  the 
3tor,  in  which  a  lagging  current  tends  to  strengthen 
e  fields  and  a  leading  current  to  weaken  them  (Sect. 
).  When  a  single  motor  is  operated  from  an  alter- 
tor  of  about  its  own  size,  the  automatic  adjustment 

the  machmcs  is  still  more  marked,  since  the  current 
lich  strengthens  the  field  of  the  motor  tends  to 
lakcn  that  of  the  alternator  as  the  load  is  varied, 
d  vice  versa,  which  is  desired.* 

It  is  evident  from  the  preceding  that  the  armature 
rrent  of  a  motor  must  have  a  wattless  component 
lich  depends  directly  upon  the  phase  differences  of 
e  impressed  and  counter  pressures  and  the  angle  of 
5,  and  it  may  readily  be  seen  that  the  most  economical 
citation  of  a  synchronous  motor  field  is  that  which 
duces  the  armature  current  to  a  minimum  (or  makes 
2  power  factor  a  maximum)  when  the  motor  is  carry- 
^  the  average  load. 
152.  Graphical   Illustrations   showing   the    Relations 

Pressure  and  Current  in  a  Synchronous  Motor  Arma- 
re.  —  In  order  to  bring  out  more  clearly  the  facts  just 
i^en,  recourse  may  be  had  to  a  diagram  in  which  rela- 

*  Compare  Ryan,  The  Behaviour  of  Single-Phase  Synchronous  Motors, 
^ley  Journal  of  Engineerings  May,  1894;  Scott,  Long-Distance  Trans- 
ision  for  Electric  Lighting  and  Power,  Trans,  Amer.  Inst.  Elect.  Eng.^ 
I.  9,  p.  425. 
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tions  of  current  and  pressures  are  sfaown  mucfa  as  in 
paralk-l  working.  It  was  shown  <SecL  87)  that  in 
parallel  working  the  machines  were  held  in  step  by  a 
motoi  action.  »nd  that  if  one  machine  was  cut  off  Eran 
its  prime  mover  ij  would  continue  to  run  in  s;ri>chroiiisin 
as  a  motor,  its  pressure  being  unchanged.  In  Fig.  269 
let  OC  be  the  through  two  aheraatoR, 

one  acting  as  t   OL  be  the  pressure  of 

self-irduction  OS  the  active  pressure 


FlK.  969 

(CA');  then  OJi  will  be  the  resultant  pressure  requir"' 

to  pass  the  current  OC  through  the  circuit,     Suppc"^ 

the  alternator  generates  a  pressure  OE^,  and  the  motor 

is  excited  to  give  an  equal  pressure  0£q ;  then  OEi  soi 

OEj  must  be  in  such  a  phase  as  to  give  the  resuitan' 

OJ?,  while  the  elements  of  pressure  resolved  upon  the 

current  line  OC  must  be  such  that  the  element  of  0£i 

'B  the  same  direction  as  the  current  and  the  eicnn-'"' 

OE^  is  in  opposition.     The  work  delivered  by  ^^ 

srator  is  OC  X  OE^  cos^i,  and  that  utilized  by  it^ 
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motor  armature  in  furnishing  power  and  overcoming  the 

magnetic  and  friction  losses  is  OC Y.  OE^zo%^^\  while 

that  lost,  due  to  resistance,  is  their  difference,  and  is 

equal  to 

OC  X  OR  cos  </»  =  OS  X  OC 

It  will  be  seen  that  for  small  loads  the  current  may 
lead  the  generator  pressure  as  shown  in  Fig.  269, 
but  that  as  the  load  increases  (and  the  length  of  OR 

V 


•  L 

Flff .  260  a 

therefore  increases),  the  generator  pressure  is  caused 
to  swing  forward  so  that  the  current  takes  a  lagging 
position,  as  shown  in  Fig.  269  a.  The  construction 
indicates  that  the  current  is  always  in  the  lead  of  direct 
opposition  to  the  counter  pressure  when  the  impressed 
and  counter  pressures  are  equal,  and  that  the  value  of 
02  increases  when  the  load  on  the  motor  is  increased. 
The  value  of  C  is  one-half  greater  in  Fig.  269^  than 
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in   Fig.  269,  the  input  of  the  motor  is  50  per  cent 
greater^  and  the  output  about  45  per  cent  greater. 
The  latter  is  increased  in  a  smaller  proportion  because 
the  C^R  loss  increases  directly  as  C,  while  the  output 
increases  less  rapidly  than  C,    The  motor  wiU  continue 
to  operate,  as  the  load  is  increased,  until  ^  has  attained 
such  a  value  that  E^cos^  x  C  becomes  a  maximum; 
then,  if  an  additional  load  is  put  on  the  motor,  the 
corresponding  increase  of  ^  will  cause  CE^  cos  ^  to 
decrease,  and  the  motor  will  fall  out  of  synchronism 
and  stop,  because  the  maximum  value  of  its  torque  is 
not  sufTicicnt  to  pull  the  load.     In  the  case  under  con- 
sideration (when  the  impressed  and  counter  pressures 
are  ctiual)  this  will  not  occur  with  well-designed  alterna- 
tors until  a  load  much  above  the  normal  is  reached. 

153.   Impressed  and  Counter  Pressures  Unequal. —As 
was  stated  in  a  preceding  section  (Sect.  151),  the  press- 

• 

uro  at  which  the  motor  is  run,  and  therefore  its  exci- 
tation, has  an  important  bearing  upon  the  stability  of 
operation  and  the  efficiency  of  transmission.  If  the 
motor  pressure  is  made  larger  than  that  of  the  gener- 
ator, the  current  and  pressure  relations  may  be  shown 
by  a  construction  similar  to  that  used  in  Fig.  269.  W 
(^A*  in  Fij;.  2^0  a  represent  the  magnitude  and  direction 
i>t  the  resultant  pressure,  and  the  impressed  and  counter 
pressures  have  magnitudes  (Vfj  and  OE^\  then  the 
parallelogram  can  be  completed  with  but  one  value 
ot  the  angles  <5j  and  ^  i.e.  that  shown  in  the  figure. 
In  this  case  the  counter  pressure  is  greater  than  the 
impressed  pressure.  Now  suppose  the  counter  pressure 
is  made  «.\'"5.  having  the  same  horizontal  projection  ^ 
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while  OR  and  the  impressed  pressure  have  the 
vahies  as  before ;  then  the  phase  relations  are 
own  by  the  lines  OR,  OjE^,  and  O/i^-  The  values 
£*o  cos  <f>2  and  O/t^  cos  (f)^^  are  equal  by  the  con- 
tion,  since  the  points  Ii^  and  E^  are  in  the  same 
:al  line,  and  since  OR  has  the  same  magnitude  and 


Figr.  270  a 


ion  in  the  two  cases  the  current  is  the  same,  and 
cos  <^j  and  W:/  cos  <f)^'  are  equal ;  but  in  the  first 
the  counter  pressure  is  greater  than  the  impressed 
ure  and  the  current  leads  the  impressed  pressure, 
n  the  second  case  the  impressed  pressure  is  greater 
the  current  lags.  This  construction  shows  that  for 
f  load  on  the  motor,  except  that  correspondirv^  tc\  -sl 
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zi^o  ^rf-c  of  Tag,  dkere  aie  two  vaiars  of  tk  cintah 
tkjn  wh5i:h  caxae  the  sane  ainitff  c  uuiut.  to  flov, 
the  current  leadxng  the  inqxcned  |hi  ^hwi  with  one  cx- 
citadoo  and  laggiag  br  an  cqaal  aag^  «iA  the  ctfaor 
excTtadon :  hence  an  overexcited  moUNr  acts  vpon  die 
ime  current  very  much  like  a  condenser,  and  an  under- 
excited  motor  acts  like  an  inductance  coiL  When  the 
counter  pressure  is  much  less  than  the  impressed  Jffcss- 
ure,  the  current  may  lag  with  respect  to  oppositioD  to 
the  counter  pressure,  but  under  no  other  conditiotts,  and 
this  is  not  a  practical  condition. 

154.  Excitatifln  which  gives  Greatest  Puwer  Factor.— 
The  excitation  at  which  the  motor  will  do  the  most  work 
with  a  ;^ven  current  flowing,  or  will  carry  a  given  load 
with  the  least  current  (and  hence  do  it  most  efficiently), 
i.s  that  which  causes  the  current  to  come  into  phase  ^ith 
the  impressed  pressure.  In  this  case  the  current  for  a 
p^iven  load  is  a  minimum,  and  E^  cos  ^3  is  a  maximum. 
If  the  value  of  OE^  in  Fig.  270^  is  increased  (by  increas- 
ing the  excitation  of  the  motor),  either  the  length  of  OR 
which  is  proportional  to  C,  or  the  impressed  pressure, 
must  be  increased,  pro\-ided  f^'^cos^^,  which  is  equal 
to  the  motor  load,  is  constant.  On  the  other  hand,  if 
OE2  decreases  while  OE^  remains  constant,  the  angle 
of  lag,  <^j,  and  the  current,  decrease  until  the  current 
and  impressed  pressure  come  into  phase,  after  which  a 
further  decrease  of  OE^  causes  the  current  to  increase 
again,  as  is  shown  by  the  relations  between  E^t  C  and 
/ij  in  the  figure.  The  value  of  CE^  cos  <f>2  is  propor- 
tional to  the  area  of  the  rectangle  0/^/>,  since  01  is  pro- 
portional to  C.     Now  if  the  motor  load  is  kept  constant, 
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but  its  excitation  is  changed,  the  comer  of  the  corre- 
sponding rectangle  must  be  different  from  q,  but  the 
locus  of  the  motion  of  the  corner  is  a  hyperbola  with  its 
origin  at  O  and  the  rectangular  axes  x  and  j',  since  the 
rectangles  included  between  the  axes  and  the  ordinates 
and  abscissas  of  all  points  must  be  of  equal  area.  Con- 
sequently, the  point  of  the  vector  representing  E^  at  the 
least  current  for  a  given  load  must  be  in  the  rectangular 
hyperbola,  mm^  which  passes  through  q.  This  point, 
which  is  -£"2"  for  the  given  load,  is  found  by  laying  off 
the  horizontal  line  equal  in  length  to  OE^  which  will 
just    reach   between    the   hyperbola  and  the  line    OR, 

This  cuts  OR  at  R\  and  C  =    '  ^   ,,     \  which  is  the 

2TTfL 

minimum  current  for  the  load.  The  impressed  pressure 
and  current  are,  under  these  conditions,  in  phase  with 
each  other.  At  this  point  E^^  sin  <^2"~  ^'»-  ^^  ^  larger  or 
smaller  pressure  than  OE^^  is  used,  such  as  OE^  or  OE^y 
the  impressed  pressure  and  current  are  thrown  out  of 
phase,  and  the  current  in  the  circuit  is  therefore  in- 
creased, which  causes  increased  C^R  losses  and  arma- 
ture reactions.  The  excitation  of  the  motor  which 
brings  the  current  and  impressed  pressure  into  step, 
depends  upon  the  relation  of  the  impedance  of  the 
motor  circuit  to  its  resistance,  li  /=  2  R,  the  counter 
pressure  is  equal  to  the  impressed  pressure  at  zero 
angle  of  lag,  and  if  1^2  Ry  the  couilter  pressure  is 
respectively  greater  or  less  than  the  impressed  press- 
ure at  zero  lag.*     The  expression  /=  2R  is  equivalent 

*  Steinmetz,  Theory  of  the  Synchronous  Motor,   Tratts.  Amer.  Inst. 
E.E,y  Vol.  II,  p.  767. 
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to,  reactance  equals  V3^(/=V^  +  ^i^L^^  2R, 
and,  therefore,  2  ir/L  =  V3  ^).  In  the  machines  which 
are  now  commonly  built,  the  impedance  of  the  armature 
circuit  is  commonly  equal  to  or  larger  than  twice  the 
resistance,  so  that  a  maximum  power  factor  is  gained 
in  such  synchronous  motors  by  an  excitation  which 
gives  a  counter  pressure  that  is  equal  to  or  greater 
than  the  impressed  pressure. 

155.  Curve  showing  the  Relation  of  Armature  Currest 
to  Excitation.  —  We  may  plot  the  relation  of  armature 
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current  to  field  excitation  for  a  motor  operating  under 
the  conditions  considered  above,  by  taking  the  corre- 
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Donding  values  of  E^  and  C  from  a  chart  made  like 
'ig.  jyoa.  This  gives  a  curve  like  Fig.  270  b,  which  has 
vo  values  of  its  abscissas  for  every  value  of  the  ordi- 
atc  except  the  lowest;  or  for  each  value  of  the  arma- 
jre  current  there  may  be  two  values  of  the  excitation, 
ne  being  greater  and  the  other  less  than  the  impn^sscd 
ressurc,  except  at  the  point  of  minimum  armature 
urrent,  which  corresponds  to  but  one  excitation,  as  has 
Iready  been  explained  (Sect.  153).  The  way  in  which 
■ig.  270 (Z  is  constructed  shows  that  the  smaller  the  angle 
fc,  or  the  smaller  the  armature  self -inductance,  the  less 
vill  be  the  difference  in  the  two  excitations  correspond- 
n^  to  any  armature  current;  and  hence  the  curve  show- 
Tg  the  relation  of  excitation  to  current  in  a  machine 
aving  a  large  time  constant  is  broad  and  rounded,  but 
ic  curve  for  an  armature  having  a  small  time  constant 

sharp  and  narrow.  In  an  ideal  machine  without  self- 
iductance,  the  two  values  of  excitation  for  a  leading 
fid  lagging  impressed  pressure  arc  equal,  and  the  curve 
ecomcs  a  straight  line. 

156.  Maximum  Load.  —  When  a  synchronous  motor 
•  operated  with  a  fixed  excitation  on  a  variable  load, 
he  step  of  the  motor  will  automatically  adjust  itself, 
'hen  the  load  changes,  to  the  changed  conditions,  until 
-fj  cos  02  is  equal  to  the  new  load,  provided  a  certain 
Maximum  limit  is  not  exceeded.  As  the  load  increases, 
he  current  must  increase,  whence  it  is  evident  from  Fig. 
=70(7  that  the  change  in  phase  of  the  motor  pressure 
Hiist  be  in  the  direction  which  increases  0;,,  and  that 
^/^j  cos  <^j  will  therefore  reach  a  maximum  point  beyond 
v\iK\\  the  motor  cannot  work,  since  cos^j  decreases  as 
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<f>2  increases.    This  point  depends  upon  the  self-induc- 
tance of  the  armature,  which  controls  ^  when  the  im- 
pressed and  counter  pressures  are  constant.     If  the  load 
on  the  motor  is  made  greater  than  the  maximum  value 
of  r^2^^^^2>  ^^^  motor  must  fall  out  of  synchronism 
and  stop.     The  smaller  the  impedance  of  the  motor  cir- 
cuit, the  less  will  the  angle  ^  change  with  any  change 
of  current,  when  E^  remains  constant,  as  is  seen  by  the 
construction  of  Fig.  270  a,  and  therefore  the  maximum 
load  which  the  motor  will  carry  depends  inversely  on  its 
impedance ;  but  the  greater  the  angle  of  lag,  ^,  the  less 
will  be  the  value  of  ^  for  fixed  values  of  the  pressures 
and  impedance,  and  consequently  the  less  rapidly  wiD 
cos  <^2  vary  with  a  given  variation  of  ^j-     So  that  the 
maximum  load  which  a  motor  will  carry  depends  in- 
versely upon  the  impedance  of  its  armature  circuit,  and 
directly   upon   the    angle   by   which   the   current  lags 
behind  the  resultant  pressure.*     In  practice,  armature 
reactions  always  tend  to  weaken  the  field  of  the  motor 
as  the  current  is  in  the  lead  of  opposition  to  the  counter 
pressure;  and  it   is  therefore  advisable   to  excite  the 
machine  rather  above   that  pressure  corresponding  to 
the  least  current  for  normal  load,  as  the  armature  reac- 
tions then  tend  to  decrease  the  field  strength  and  thus 
modify  the  motor  pressure  so  as  to  cause  a  decrease  in  the   J 
amount  of  armature  current.     If  the  excitation  is  made 
smaller  than  that  corresponding  to  minimum  current, 

♦  Mordcy,  Alternate-Current  Working,  your.  Inst,  E.  E^  Vol.  io» 
P-  595  ;  Kolben,  EUktrotechuische  Zeitschrifi^  Vol.  i6,  p.  802;  U*^ 
Electrical  Engineer ^  1 895;  Kapp's  Electrical  Transmisnon  of  Ener^* 
4th  ed.,  p.  278. 
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the  armature  reactions  cause  the  deviation  from  mini- 
mum current  to  become  still  greater.  To  decrease  the 
effect  of  armature  reactions  as  well  as  make  the  machine 
capable  of  carrying  considerable  overloads  without  being 
dragged  out  of  synchronism,  it  is  advisable  to  use  strong 
fields,  and  armatures  with  the  least  number  of  conductors 
compatible  with  an  economical  design.  There  is  ordi- 
narily no  danger  to  the  motor  if  it  stops,  as  the  arma- 
ture inductance  cannot  be  economically  reduced  below  a 
value  sufficient  to  prevent  a  destructive  flow  of  current, 
as  was  shown  in  the  example  in  Section  94. 

As  showing  the  gain  in  stability  of  operation  by  excit- 
ing the  motor  somewhat  above  that  which  would  result 
in  the  minimum  current,  were  there  no  armature  reac- 
tions present,  Mr.  Kapp  gives  the  following  theoretical 
table.* 

TABLE  SHOWING   WORKING  CONDITION  OF 
TRANSMISSION   PLANT. 

Total  resistance  in  circuit,  I  ohm;  total  reactance,  4  ohms. 


Generator  excited  to  give 

Motor  excited  to  give 

Normal  power  given  off  by  motor  .     . 

Maximum  power  given  off  by  motor  be- 
fore breaking  from  synchronism 

Margin  of  excess  load  causing  breakdown 
of  the  system 


1 100 

1 100 

1200 

1300 

125 

125 

200 

250 

60 

100 

1 100  volts 

1350  volts 

125  H.P. 

268  H.P. 

134  per  cent 


With  a  smaller  impedance  in  circuit,  the  possible 
overload  before  the  motor  breaks  from  synchronism 
would  be  greater,  as  is  shown  by  the  considerations  just 


♦  Electrical  Transmission  of  Energy^  4th  ed.,  p.  277. 
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discussed,  the  experiments  of  Kolben,*  and  the  experi- 
ence in  American  plants. 

157.  Experiments  of  Bedell  and  Ryan.  —  Bedell  and 
Ryanf  made  a  series  of  experiments  on  a  pair  of  di- 
minutive eight-pole,  smooth-core  Westinghouse  aherna- 
tors,  giving  a  frequency  of  139,  one  of  which  was  nin 
as  a  motor,  and  the  other  as  a  generator.  (The  machines 
were  built  to  each  supply  ten  16  C.P.  lamps.)  The  re- 
sistance of  the  machine  circuit  was  .31  ohm,  and  the 
self-inductance  of  the  motor  armature  .32  millihenij. 
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The  curve  of  magnetization  of  the  motor  was  practically 
a  straight  line.  It  was  found  that  the  motor  would  oper- 
ate only  under  field  excitations  varying  from  1.5  to  35 
amperes,  and  required  an  abnormal  armature  current  to 
carry  its  load,  the  minimum  current  beinjr  at  an  cxcita- 
ti«>n  of  3  amperes  (Fig.  271);  also,  that  a  very  small 


♦  /•//■;7r...v, */#/.<.*/'    /fitsihrif}.    Vol.    16,   p.   So2;     I ondon    Fltitrif^^ 
/•iHt^htrrr,   1S05. 

t  Alt  ion  i»f  a  Sinj;lc-l*hase  Synchrom)us  Motor,  y»»j»r.  Framkiin  I^-* 
larch,  1895. 
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ase  of  load  would  throw  it  out  of  synchronism, 
load  consisted  of  the  friction  of  a  J  horse-power 
m  dynamo.     A  variable  inductance  consisting  of 
1  with  a  movable  iron  core  was  then  inserted  in 
ircuit.     By  moving  the  core  of  this  coil  it  was  found 
when  its  inductance  was  1.6S  millihenrys  the  motor 
red  a  minimum  armature  current  for  a  given  load, 
with  stability  through   a  wide  range  of  load,  and 
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xcitations  of  from  i.H  to  6  amf 
s  not  carried  over  6  amperes  a 
ringing  the  motor  shaft,  which 

Fig.  272,  shows  the  armature 
itations   when   the   motor   was 
constant  load,   as  in   the  trial 
ance.     Curves  D,  F,  and  G  s 

of  the  armature  reaction  referr 
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s  there  was                 \ 
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to  hold  the  generator  and  motor  ezcitatioiis  at  the  poiiit 
of  maximum  efficiency.    Curve  D  represents  the  gene- 
rator pressure,  and,  although  the  exchatioii  was  con- 
stant, the  f^enerator  pressure  rises  as  the  motor  pressure 
is  increased.     This  is  due  to  the  reaction  caused  by  the 
current  swinging  from  a  lag  to  a  lead  with  reference  to 
the  generator  pressure.    At  the  same  time  the  motor 
pressure,  which  is  represented  by  curve  /%  at  first  is 
larger  and  then  grows  smaller  than  would  be  the  case 
were  no  reactions  present    The  curve  G  represents  the 
pressure,  considering  reactions  absent     The  effect  ia 
the  motor  is  caused,  as  in  the  generator,  by  the  current 
increasing  its  lead  with  reference  to  the  motor  pressure, 
r'igure  273  shows  the  polar  diagrams  for  various  excita- 
tions at  which  the  motor  was  run  under  constant  load. 
(Vfp  Oli.^,  iind  OR  arc  the  generator,  motor,  and  result- 
ant pressures  respectively,  and  OC  the  current.     The 
angle  by  which  the  current  lags  behind  the  resultant 
pressure  was  obtained  from  the  impedance  of  the  arma- 
ture circuit.     It  may  be  clearly  seen  from  the  diagrams 
that  the  current  swings  from  a  position  of  large  lag, 
with  reference  to  the  generator  pressure,  at  a  small 
excitation  of  the  motor,  into  phase  with  it,  —  the  point 
ol   minimum  current  for  the  given  load  on  the  motor, -^ 
and  finally  into  a  position  of  large  lead  when  the  motor   * 
is  greatly  over-excited. 

This  series  of  experiments  and  the  preceding  discus- 
sions (Sect.  1 56)  show  that  there  was  some  foundation 
for  the  statement  of  earlier  experimenters,  that  alterna- 
tors must  have  self -inductance  in  their  armature  circuits 
if  they  are  designed  to  be  run  in  parallel.     The  appli- 
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cation  of  that  statement  to  tbe  case»  however*  is  fal- 
lacious, since  alternators  operating  in  parallel  should 
require  much  less  than  the  torque  of  normal  load  to 
hold  them  in  step,  so  that  the  synchronizing  tendency 
of  armatures  with  small  inductance  is  ample  to  make 
them  run  in  parallel;  and  for  either  parallel  working  9r 
for  operation  as  synchronous  motors^  a  small  armatufi 
impedafice  is  of  the  greatest  importance, 

158.   Effect  of  Wattless  Current  on  Tmrque.  —  Since  a 
synchronous  motor  seldom  operates  at  the  exact  load 
for  which  its  excitation  is  adjusted,  the  armature  current 
is  likely  to  have  a  large  wattless  component     Hence, 
during  a  portion  of  each  half  period  the  motor  armature 
must  return  to  the  circuit  some  of  the  energy  which  was 
delivered  to  it  during  the  remainder  of  the  half  period. 
This  causes  the  torque  of  a  single-phase  armature  to 
vary  from  a  large  positive  value  to  a  small  negative 
value  in  each  half  period,  and  in  order  that  this  effort 
to  return  the  energy  represented  by  the  wattless  current 
may  not  break  it  from  synchronism,  it  is  well  for  the 
armature  to  be  very  solidly  built,  or  to  have  a  fly-wheel 
attached  to  its  shaft.     Since  the  torque  of  a  polyphase 
armature  is  uniform  throughout  the  period  (Sect.  I44)» 
polyphase  synchronous  motors  are  likely  to  run  more 
satisfactorily  than  single-phasers. 

The  magnitude  of  the  wattless  component  depends 
directly  upon  the  armature  self-inductance  and  the 
amount  of  excitation  given  the  motor.  When  the  arma- 
ture self-inductance  is  small,  the  armature  current  does 
not  differ  greatly  with  different  excitations,  and  hence 
the  wattless  current  in  average  operation  is  reduced. 
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is  an  additional  advantage  of  motors  having  arma- 
with  a  minimum  impedance. 
K  Rotary-Field  Induction  Motor.  —  The  well-known 
iples  which  cause  the  rotation  of  a  disc  of  copper 
cd  above  a  rotating  horseshoe  magnet  have  been 
nto  use  through  the  discoveries  of  Ferraris,  Tesla, 
Iwander,  Dobrowolsky,  and  many  others.  The 
gcments  proposed  by  Tesla  were  doubtless  the 
direct  applications  of  these  principles  to  commer- 
se,  in  which  they  are  destined  to  play  a  large  part 
e  transmission  and  distribution  of  power.*  An 
;t  simultaneous  publication  of  a  series  of  scientific 
iments  by  Ferraris  shows  the  operation  of  similar 
•atus,t  and  various  experiments  of  a  similar  nature 
•  a  similar  purpose  are  on  record.  Each  of  these 
iments  caused  an  iron  or  copper  armature  to  rotate 
placed  within  the  region  of  a  rotating  magnetic 

'.  A  Rotating  Magnetic  Field.  —  If  two  coils  of 
are  arranged  at  right  angles  so  as  to  enclose  a 
Irical  iron  core,  or  if  two  pairs  of  coils  are  placed 
ht  angles  on  a  ring  core  (Fig.  250),  the  magnetism 
3  in  the  core  when  a  current  is  passed  through  the 
is  the  resultant  of  the  magnetization  due  to  the 
oils. 

the  magnetizing  currents  are  two  sinusoidal  alter- 
j  currents  with  90°  difference  of  phase,  then,  at 


New   System    of    Alternate-Current    Motors    and   Transformers, 
Amgr.  Insi,  E.  E.,  Vol.  5,  p.  308. 

ectro-dynamic  Rotation  by  Means  of  Alternating  Currents,  Lon- 
u/ruian,  Vol.  21,  p.  86. 
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any  instant,  the  magnedzing  force  due  to  one  of  the 
coils  is  H^  =  ^»  sin  a,  and  of  the  other  coil  is 

J/,  =  -//«  sin  (a  —  go® )  =  i7.  cos  €^ 

where  H^  is  the  maximum  magnetizing  force  of  either 
coil  (Fig.  274).    The  resultant  magnetizing  force  is  then 
Hj^  =  ^H^  +  H^  =  H^  and  is  therefore  constant  in 
magnitude.     The  direction  of  this  constant  magnetizing 
force  is  variable.     When  a  =  o®,  H^  lies  in  the  plane  of 
the  first  coil,  and  when  0^=90®,  Hg^  lies  in  the  plane 
of  the  other  coil.     The  magnetizing  force  of  each  coO 
has  a  sinusoidal  or  harmonic  variation,  and  the  result- 
ant magnetizing  force  is  the  resultant  of  two  harmonic 
variations  with  90°  diflference  of  phase.      As  is  well 
known,  such  a  resultant  has  a  uniform  magnitude  and 
a  uniformly  varying  direction.    The  instantaneous  values 
of  the  resultant  may  therefore  be  diagrammatically  rep- 
resented by  the  instantaneous  positions  of  a  line  of  fixed 
length,  rotating  at  a  uniform  rate  around  one  end,  such 
as  OH^  in  Fig.  274. 

If  the  maximum  ampere-turns  of  one  coil  are  greater 
than  those  of  the  other  coil,  the  magnitude  of  the  result- 
ant magnetizing  force  varies.  The  rotating  field,  in 
this  case,  may  be  diagrammatically  represented  by  a 
uniformly  rotating  line,  which  varies  in  length,  so  that 
its  tip  traces  an  ellipse  whose  minor  and  major  axes  arc 
respectively  in  the  planes  of  the  stronger  and  weaker 
coils.  If  the  windings  of  the  coils  are  similar,  and  the 
currents  equal,  but  the  phase  difference  is  not  90°,  a 
variable  field  again  results. 

If  the  phases  of  the  two  currents  are  in  unison, 

H^^^JTfVHi  =  V^  //.  sin  a. 
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5  shows  that  when  the  two  currents  are  in  unison 
varies  with  sin  a,  and  therefore  varies  from  zero  to 
aximum  of  V2  7/"^,  but  its  direction  must  be  constant, 
e  the  vahies  of  its  two  components  are  equal  at  every 
ant.  Its  direction  evidently  lies  in  a  plane  between 
planes  of  the  two  coils.  The  diagrammatic  represen- 
)n  of  the  resultant,  here,  is  a  line  of  fixed  direction 

Y 
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^h  harmonically  varies  in  length,  the  total  range  of 
ation  being  from  —  V2  H^  to  -f  V2  //"„. 
or  any  difference  of  the  current  phases  between 
\  and  90°,  both  the  magnitude  and  direction  of  H^ 
in  vary,  and  the  diagrammatic  representation  is  again 
le  with  its  tip  tracing  an  ellipse.  The  ratio  of  the 
axes  depends  upon  the  phase  difference  of  the  cur- 
;s.  If  the  currents  have  90°  phase  difference,  but 
planes  of  the  coils  are  not  90°  apart,  the  effect  on 
resultant  magnetizing  force  is  evidently  the  same 
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•tr<?nf{tK  of    the  field 

wh':R  it  [f'raJied  curreot  is  a{qified  to  two  ecus  bn^ 

<//'  d(ffCT»nkr:e  »»f  pr^itiMi,  and  F^  275  #  b  the  a* 
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riiiim  value.  The  dotted  circles  in  each  case  rcpresHil 
llii-  roliiliiiK  niannc'tizing  force  due  to  sinusoidal  cur- 
rriitN  in  tlic  same  coils. 

The  same  arj;iiment  may  be  readily  seen  to  apply 
tij  tin;  n-Hiiltant  magnetizing  force  due  to  any  numba 
(if  (nils  surnnmding  a  cure.  When  equal  coils  are  at 
t'qiial  angular  distances,  and  equal  currents  in  the  ^' 
dividual  coils  dirfcr  in  phase  by  an  amount  equal  w 
the  angular  distance  of  the  coils  from  each  other,  the 
rvsiiltant  magnetizing  force  is  always  uniform  in  mig- 
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;  and  rotates  at  a  uniform  rate,  provided  the  cur- 
are sinusoidal,  and  its  value  is  H.  =  ~  //_,  where 
he  number  of  phases"  (compare  Sect  144).     The 


Plar.  276  b 
tness   of   these   deductions   is   directly   indicated 
pcrimcnt. 

;  Germans  call  the  rotating  field  Drehfelde,  and 
Dlyphase  currents  which  set  up  a  rotating  field 
trom,  or  rotating  current. 

Action  of  a  Short-circuited  Armature  Winding 
I  a  Rotating  Field.  —  If  a  drum  core  of  laminated 
i;  proptirly  pivoted  within  a  ring,  on  which  coils  are 
latcd  that  the  field  rotates,  it  will  be  dragged  into 
in  by  the  magnetic  pull.  If  the  pivoted  core  be 
jper,  it  will  be  dragged  into  rotation  by  the  re- 
s  of  the  foucault  currents  which  are  developed 
;   core.      This   is   directly   analogous   to   the   ex- 

•  E.  Arnold,  EUktrolttkniulu  Ztilukrift,  VoL  14,  p.  4a. 
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periment  with  the  Arago  disc,  to  which  refoence  has 
already  been  made  {Sect  159). 

In  the  case  of  either  a.  solid  core  or  Arago  disc, 
the  foucault  currents  are  not  coostrained  in  pontioi), 
and  therefore  take  the  path  of  least  resistance.  The 
result  is  that  much  of  the  effectiveness  of  the  cuireoti 
in  bringing  about  a  rotation  is  lost,  and  the  effidenqr 
of  the  device  is  smalL  If,  in  the  disc  experiment;  tbe 
disc  be  cut  up  into  an  indefinitely  large  number  ol 
fine  radiatitig  wires  which  are  connected  together^ 


FIb.  276 
their  inner  and  outer  ends,  the  useless  or  pansi* 
eddies  may  in  a  large  measure  be  done  away  witl'' 
and  the  efficiency  of  the  device  be  considerably  raised- 
In  the  same  way  the  drum  core  may  be  made  of 
laminated  iron  in  order  that  the  magnetic  circuit  sh^ 
be  of  small  reluctance,  and  embedded  in  this  may  f* 
copper  wires  which  cross  the  face  of  the  core  and 
arc  all  short-circuited  by  copper  rings  at  the  ends 
(Fig.  276).  These  make  constrained  paths  for  the  in- 
duced currents,  and,  if  the  core  is  sufficiently  linii" 
nated  and  the  copper  conductors  are  not  too  thick,  the 
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parasitic  eddies  are   largely  done  away  with,  and   the 
efficiency  of  such  a  motor  may  be  made  quite  large. 

162.  Variation  in  a  Rotating  Field.  —  There  has  been 
considerable  dispute  regarding  the  uniformity  of  the 
strength  of  the  rotating  field  in  motors  of  this  class. 
The  question  at  issue  being  whether  the  effective  mag- 
netizing force  at  each  instant  is  equal  to  the  sum  of 
the  ampere-turns  on  the  coils,  or  the  ampere-turns  are 
compounded  to  gain  the  resultant  effect  according  to 
the  parallelogram  of  forces.  The  latter  assumption  is 
made  in  the  discussion  given  above  (Sect.  160).  Do- 
browolsky,  Pupin,*  and  others  have  taken  the  other 
view,  and  have  determined  from  that  standpoint  that 
there  is  a  fluctuation  of  about  40  per  cent  in  the 
strength  of  the  field  due  to  two  sinusoidal  currents 
Jvith  90°  difference  of  phase,  and  about  14  per  cent 
fluctuation  in  the  field  due  to  three  sinusoidal  cur- 
rents with  120°  difference  of  phase. 

With  a  view  of  experimentally  determining  which 
assumption  is  correct,  Messrs.  Hanson  and  Webster 
undertook,  in  the  electrical  laboratories  of  the  Univer- 
sity of  Wisconsin,  the  experimental  measurement  of 
the  strength  of  the  rotating  field  of  a  three-phase  motor, 
^hen  magnetized  with  three  sine  currents  with  phase 
differences  of  120°.  For  this  purpose  they  placed  a 
test  coil  on  the  surface  of  the  motor  armature  and 
arranged  the  armature  so  that  it  could  be  readily  rotated 
through  a  small  arc  of  fixed  value.  The  reading  of  a 
ballistic  galvanometer  connected  to  the  test  coil  was 
therefore  proportional  to  the  number  of  lines  of  force 

♦  Tram,  Amer.  Inst,  E,  E.,  Vol.  8,  p.  562. 
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cut  by  the  coil  when  the  armature  was  rotated.    The 

magnetization  was  effected  by  continuous  currents  in 

the  windings  of  the  motor  fields,  which  were  so  adjusted 

as  to  give  the  proper  phase  relation  to  each  other. 

Thus,  calling  the  coils  a,  6,  and  c^  and  supposing  the 

current  in  a  is  desired  to  be  the  instantaneous  zero 

value  of  the  current,  then  the  current  in  b  must  be 

adjusted  so  that 

C,  =  ^:„„sin  I20®, 

and  the  current  in  c  must  be  adjusted  so  that 

Q  =  ^.M.  sin  240**. 

The  resultant  magnetism  thus   produced   is  equal  to 

the  instantaneous  magnetization  due  to  an  alternating 

current  taken  at  a  corresponding  instant.     To  get  the 

instantaneous   magnetization   for  any   other  phase  of 

the  alternating  currents,  the  test  currents  must  be  so 

adjusted  that 

C  =  c^a*  sin  a, 

C*  =  ^»u«sin(a-M20^), 

C  =  ^maxSin(a  +  240°). 

The  algebraic  sum  of  the  currents  must  always  be  equal 
to  zero.  The  apparatus  was  arranged  somewhat  as  in 
Fig.  277.  By  the  method  thus  outlined  it  was  found 
that  the  magnetization  due  to  the  field  windings  ad- 
vanced uniformly  as  a  wave  of  fixed  magnitude,  as 
closely  as  the  limits  of  error  of  the  experiment  would 
show.  As  these  errors  were  well  within  2  or  3  P^^ 
cent,  the  experiments  prove : 

I.   That  the  resultant  magnetizing  force  due  to  the 
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eral  coils  arranged  as  in  the  rotary-field  motor  is, 
practical  purposes,  equal  to  the  magnetizing  effects 
all  the  coils  compounded  according  to  the  ordinary 
thods  of  composition  of  harmonic  variation. 
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Plfif.  277. 

!.  That  the  magnetization  set  up  is  practically  pro- 
tional  to  the  magnetizing  force  when  the  induction 
ot  pushed  too  high. 

^o  determine  to  what  extent  the  saturation  of  the 
I  in  the  magnetic  circuit  affects  the  latter  deduction, 
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Hanson  and  Webster  made  tests  which  covered  a  conr 
siderable  range  of  maximum  currents,  and  which  were 
carried  above  the  bend  in  the  curve  of  magnetization  of 
the  motor.  The  deductions  given  above  appeared  to  be 
practically  correct  within  the  limits  of  the  experiments.* 
Similar  experiments  have  been  proposed  and  carried 
out  by  du  Bois-Reymond,t  Blondel,  %  Behn-Eschenburg, 
and  others. 

163.  Distinction  between  Armature  and  Field.  —  There 
is  some  ambiguity  in  the  designation  of  the  armature 
and  fields  of  induction  motors,  since  it  is  not  uncommos 
to  make  them  with  revolving  field  cores,  and  both  fields 
and  armature  carry  an  alternating  current,  but  the  fol- 
lowing definitions  avoid  all  ambiguities.  The  Field  w/fc 
core  tipon  which  are  placed  windings  connected  to  the 
external  circuit.  The  current  in  the  fields  is  therefore 
due  to  the  impressed  pressure  of  the  external  circuit 
The  Armature  is  the  part  of  the  motor  in  the  conductors 
of  which  current  is  induced  by  the  revolving  magnetisifi 
of  the  fields.  Since  the  armature  current  is  wholly  in- 
duced by  action  of  the  fields,  these  motors  are  called 
Induction  Motors.  With  these  definitions,  it  is  readily 
seen  that  the  induction  motor  acts,  in  many  respects, 
like  a  transformer,  the  primary  winding  of  which  is  on 
the  fields,  and  the  secondary  winding  on  the  armature. 

♦  Jackson,  Three-Phase  Rotary  Field,  Electrical  yournal,  VoL  i,  p.  *^5- 
Also  see  Pupin,  Trans.  Amcr,  Inst.  E.  E.^  Vol.  ii,  p.  549. 

t  Theoretical  and  Experimental  Study  of  Polyphase  Currents,  EU^*' 
technische  Zeilschrift^  Vol.   12,  p.   303;    Electrical   World,  Vol.  I7»  P* 

477- 

}  Elementary  Theory  of  Rotary-Field  Apparatus,  La  Lumure  ti^' 

trique.  Vol.  50,  p.  358. 
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The   Germans   call   polyphase  induction  motors  Dreh- 
strom  Motors. 

The  energy  developed  in  the  secondary  circuit  of  the 
induction  motor  is  expended  in  causing  rotation  of  the 
revolving  part  instead  of  causing  heat  and  light  in 
the  external  circuit,  as  is  the  case  of  the  ordinary  trans- 
former. The  same  general  methods  apply,  in  designing 
these  motors,  that  apply  in  designing  transformers. 

164.  Wattless  Magnetizing  Current.  —  Since  an  air 
space  must  be  made  in  the  magnetic  circuit  to  allow 
the  motors  to  operate,  it  is  evident  that  the  wattless 
magnetizing  current  of  induction  motors  must  be  mate- 
rially greater  than  that  of  transformers.  In  fact,  the 
no-load  current  of  some  comparatively  small  motors  of 
this  type,  which  show  quite  a  high  efficiency,  is  entirely 
comparable  to  the  full-load  current.  To  reduce  the  watt- 
less current  to  a  reasonable  limit,  every  effort  must  be 
bent  to  decrease  the  reluctance  of  the  air  space.  As  the 
armature  conductors  may  be  embedded  in  the  armature 
core,  it  is  possible  to  make  the  air  space  simply  that 
required  for  mechanical  clearance,  and,  by  care  in  the 
Workmanship,  this  may  be  made  very  small  compared 
with  the  air  space  of  dynamos  built  according  to  the 
Ordinary  methods. 

165.  Motor  Speeds  and  Slip.  — The  velocity  of  rotation 
of  the  magnetic  field  depends  upon  the  frequency  of  the 
Current  supplied  to  the  motor,  and  the  number  of  pairs 
of  poles  in  the  field.  In  two-pole  machines,  the  number 
of  rotations  which  the  field  makes  per  second,  or  the 
J'ield  Frequency,  is  equal  to  the  current  frequency,  and, 
in  multipolar  machines,  the  field  frequency  is  equal  to 
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the  current  frequency  divided  by  the  number  of  pairs  of 

poles,  or  L. .     The  number  of  pairs  of  poles  which  is  re- 

P 
fcrred  to  is  the  number  in  the  rotating  field.  This  is  equal 

to  the  number  of  pairs  of  poles  set  up  by  the  windings 

in  fields  with  a  smooth  magnetic  surface,  but  is  equal  to 

times  the  number  of  salient  poles  in  salient-pole  ma- 

2  ni 

chines  (w  being  the  number  of  phases).  The  latter  can 
scarcely  be  said  to  give  a  uniformly  rotating  field  unless 
there  are  m  crowns  of  poles. 

The  velocity  of  rotation  of  the  armature  can  never 
equal  the  velocity  of  rotation  of  the  field  magnetism, 
since  the  armature  conductors  must  be  cut  by  the  lines 
of  force  of  the  fields  in  order  that  an  electrical  pressure 
may  be  developed  in  the  armature ;  that  is,  the  field 
magnetism  must  always  hav-e  a  relative  velocity  of  rota- 
tion with  reference  to  the  armature  conductors.  In  any 
machine,  the  relative  velocity  is  v=  V—  V\  where  Y 
and  V^  are  respectively  the  number  of  revolutions  per 
minute  of  the  field  magnetism  and  the  armature  conduct- 
ors. This  relative  velocity  is  called  the  armature  Slip, 
and  is  small,  seldom  exceeding  5  per  cent  of  the  speed 
of  the  motor.  Since  the  current  in  the  armature  must 
be  proportional  to  the  work  done  by  the  motor,  it  must 
vary  with  the  load,  and  v  must  increase  as  the  load  is 
increased.  A  little  consideration  shows  that,  if  the 
magnetism  remains  constant,  the  variation  of  v  with  j 
the  load  must  be  just  sufficient  to  counterbalance  the 
drop  of  pressure  caused  by  the  current  flowing  in  the 
armature  conductors.  j 

A  variation  of  v  demands  a  variation  of  V^  of  cqu^^ 
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magnitude,  since  V  is  fixed  by  the  frequency  of  the  cur- 
rent delivered  to  the  motor;  consequently,  the  speed 
regulation  of  a  rotary-field  motor  is  directly  dependent 
upon  the  loss  of  pressure  in  the  armature  conductors  if 
we  neglect  the  effect  of  armature  reactions  and  drop  of 
pressure  in  the  primary  windings.  This  is  entirely  anal- 
ogous to  the  case  of  continuous-current  shunt-wound 
motors. 

At  starting,  the  relative  velocity  of  the  field  magnetism 
and  the  armature  is  evidently  V,  since  F'  is  zero.  The 
armature  current  is  therefore  very  great,  and  the  starting 
torque  may  also  be  very  great  provided  the  armature 
reactions  do  not  too  greatly  disturb  the  field.  To  avoid 
injury  to  the  armature  from  the  current  at  starting, 
means  must  be  taken  to  prevent  its  becoming  excessive, 
exactly  as  in  the  case  of  continuous-current  machines 
worked  on  constant  pressure. 

166.  Graphical  Illustration  of  Relations  in  Induction 
Motors. — The  reactions  of  the  polyphase  induction 
motor  may  be  set  forth  very  clearly  by  graphical  repre- 
sentation. Suppose  we  have  under  consideration  a  two- 
phase  motor,  as  shown  diagrammatically  in  Fig.  278, 
where  aa!  and  bb^  are  two  pairs  of  coils  in  series,  each 
pair  being  connected  to  a  pair  of  two-phase  feeders. 
The  armature  we  will  suppose  for  convenience  is  of  the 
Squirrel-cage  or  short-circuited  bar  type.  That  is,  the 
Conductors  are  embedded  in  the  face  of  the  armature 
a.nd  are  short-circuited  by  rings  extending  around  the 
^.rmature  at  each  end  (see  Fig.  276).  From  the  fore- 
going discussion  (Sect.  160)  it  is  evident  that  a  mag- 
netic north  pole  on  one  side  and  a  magnetic  south  pole 


6o4 


ALTERNATING  CURRENTS. 


just  opposite,  will  rotate  around  the  field  core  with  the 
frequency  of  the  alternating  current  (/).     This  mag- 
netic field  will  induce  under 
it,  in  the  conductors  of  the 
armature   which    it   cuts,  a 
oressurc  which  causes  a  cur- 
it  to  flow  in  the  conduc- 
•s.      This  current,  if  the 
nature  is  free  from  self- 
luctance,  will    set   up  a 
Lgnetic   field  lagging  90' 
'■'K'  3'.-  hind   the    magnetism  sel 

up  by  the  field  windings  (Fig.  i^Sa).  Therefore  let  OB 
in  Fig.  279  be  the  strength  of  the  rotary  field  which  pro- 
duces in  the  armature  the  resultant  current,  OC..  Then 
OA  may  be  represented  as  the  field  due  to  this  armature 


Flff.  278  B 

current.     The   impressed   magnetizing   force  must  ix 

'ifficient  to  supply  the  field  OB  and  overcome  OA,  w 

ist  be  sufficient  to  set  up  a  field  OM.     OC,  rcpre- 

its  the  relative  phase  and  magnit""'"  of  the  fidd  cur- 
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ovided   the   number  of   primary  conductors   is 

•  the  number  of  secondary  conductors.     This 

tion    requires    us    to    consider    the    polyphase 

combined   at   every   instant   into   a   resultant 


0«-- 


A 

Plfir.  279 


lay  be  represented  by  the  sum  of  the  vertical 
)ns  of  the  polyphase  current  vectors.  This 
ion  simplifies  the  construction  very  much  and 
the  use  of  exactly  the  same  method  as  that 
•  transformers  (Sect.  118);  namely,  in  Fig.  280, 
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if  OC^  is  the  magnetiziiig  ampcie-tiiias  ■mwifrt  to  set 
up  the  desired  field,  ^uid  OC^  the  armature  aaipcre^anis^ 
then  the  field  amperetnms  must  be  OC,^     Abo  die 
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self-induced  pressure  in  the  fields  will  be  O^*!,  dra^Ti  ^<^  i 

the  i)r()j)er  scale,  while  OR  is  the  pressure  that  must  be  j 

applied  to  the  fields  when  OA  is  the  element  of  pressure  \ 

which  multiplied  by  the  current  furnishes  the  motor  j 
losses. 
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167.  Torque  of  Ideal  Motor.  —  It  is  evident  that  in  a 
lotor  giving  this  diagram,  the  starting  torque  will  be 
normous  for  a  low-resistance  armature,  as  the  current 
iduced  will  be  enormous,  since  the  wattless  magnetizing 
urrent,  and  hence  the  resultant  magnetic  field,  remains 
ractically  constant  if  there  are  no  armature  reactions, 
'he  torque  is  of  course  proportional  to  the  field  mul- 
plied  by  the  current,  or  to  OBx  OC^  (Fig-  279).  As 
le  motor  comes  up  to  speed,  the  current  will  decrease 
irectly  as  the  speed  increases,  since  the  relative  speed 
r  slip  of  the  armature  with  reference  to  the  rotating 
eld  decreases  directly  as  the  speed  increases.  Hence, 
eglecting  armature  reactions  and  self-inductance,  the 
>rque  will  be  a  maximum  with  the  armature  standing 
:ill  and  will  gradually  decrease  to  zero  as  the  armature 
3eed  increases  towards  its  limit,  which  is  synchronism 
ith  the  rotating  field. 

168.  Effect  of  Magnetic  Leakage.  —  As  there  must  be 
learance  between  the  armature  and  field,  a  path  is 
lade  for  magnetic  leakage,  which,  on  account  of  the 
pposing  action  of  the  armature  and  field  magnetism, 
ecomes  of  very  considerable  magnitude  at  large  loads, 
-ines  of  force  set  up  by  the  armature  and  leaking 
trough  this  clearance  spacQ  cause  the  armature  current 
^  lag  exactly  as  though  self-inductance  were  introduced 
ito  the  windings,  as  is  also  the  case  in  the  fields.  This 
fleet  materially  alters  the  diagram,  as  is  shown  in 
•"ig.  281,  where  OE^,  and  OE^  are  respectively  the 
-rmature  and  field  reactive  pressures.  The  diagram  in 
his  case  is  also  drawn  exactly  as  in  the  case  of  trans- 
ormers,  where  there  is  self-inductance  in  the  primary 
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and  secondary  coils,  and  gives  an  impressed  field  p 
ure  OE  and  a  field  current  OC,  lagging  by  the  i 
^f.     The  angle  of  lag  4>,  in  the  armature  evidently 
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cause  a  serious  decrease  in  the  motor  torque  from 
auscs;  first  by  decreasing  the  armature  current  ff 
?cn  induced  pressure,  and  second  by  retarding  the  pli 
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:he  current  with  respect  to  the  magnetic  field.  For  this 
son,  added  to  its  effect  on  the  slip,  induction  motors 
built  to  give  as  small  a  leakage  field  as  possible, 
jure  282  indicates  a  method  of  winding  frequently 
ployed,  which  makes  it  possible  to  reduce  the  leakage 
d  to  a  minimum  by  reducing  the  air  space.  The 
idings  are  placed   in   evenly  distributed   slots,  thus 


FifiT.  282 

)iding  polar  projections.  As  the  frequency  of  alter- 
ion  in  an  armature  bar  is  a  maximum  when  the 
tor  is  at  rest,  its  reactance  is  then  a  maximum,  and 

armature  current  is  caused  to  have  a  maximum  lag 
h  respect  to  the  induced  pressure;  and  the  torque 

a  given  current  is  reduced  in  proportion  with  the 
ine  of  the  lag,  cos  <^^.     Since 

tan  <^,  =  —^y  or  cos  <^.  =  ---, 

2R 
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it  is  evident  that  by  increasing  the  resistance  of  the 
armature  conductors  at  starting,  cos  ^«  may  be  increased, 
and  the  starting  torque,  which  is  equal  to 

C^E  cos  4^m_^  w^  w^i  cos  4>^  ♦ 
2  7rV'     "      Impedance' 

may  be  increased  to  a  maximum. 

The  constant,  AT,  in  this  formula  .depends  upon  the 
winding  and  dimensions  of  the  armature  and  the 
strength  of  the  magnetic  field.  In  practice  an  external 
resistance  is  usually  introduced  by  some  mechanical 
device  into  the  armature  windings,  at  starting,  which 
serves  both  to  increase  the  torque  at  starting  and  to 
avoid  the  excessive  rush  of  current  which  might  occur 
with  the  armature  stationary.  Figure  283  shows  the  rela- 
tion of  torque  to  slip  for  an  armature  having  a  reactance 
of  .18  and  resistances  of  .02,  .045,  .18,  and  .75  ohms.t 
This  shows  plainly  that  the  torque  can  be  caused  to 
have  a  maximum  value  up  to  a  slip  equal  to  10  per 
cent  of  the  field  frequency  by  gradually  reducing  the 
resistance  of  the  armature  circuit  from  .18  to  .02  ohms 
as  the  speed  of  the  armature  increases.  The  relations 
are  as  follows : 

♦  Q  =  -■  =  ^— ,  where  ^  is  a  constant  depending  on  the  strength  ot 
/         /  j^ 

the  field  and  the  number  of  armature  conductors  ;  £  ^  Jbl'';  A'=  ;; 

£  is  the  pressure  that  would  be  induced  in  the  armature  windings 
armature  were  rotated  at  a  speed  of  P''  revolutions  per  minute  in  a  stt- 
tionary  field  equal  in  magnitude  to  the  rotating  field;  e  is  the  prrtsure 
that  would  be  induced  under  similar  conditions  at  a  speed  r ;  ri  i$  ^* 
frequency  "w\lV\  which  the   field  cuts  the  armature  conductors  when  tb* 

slip  is  v^  ant\,  l\\e.ttlott,  v^^^t--    tnS&^^xcimbcr  of  phases, 
t  SteiutticU,  Trons.  Amtr.  Inst,  E.  E.^N0i."iX.^^,1^, 


iflbe    I 
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cos<^.  _  ^. K, 

the  torque  is  therefore  equal  to 
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R.'  +  iir^^L^ 
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ich  is  a  maximum  wlicn  2in\L,=  R,.    When  the  arma- 
e  is  at  rest,  i',  =/and  to  give  max\mwm  \.o\<:^c  R. 
St  be  equal  to  2  ir/L,.     If  R,  is  either  gteat«  o^  \>i^%. 
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the  torque  is  reduced,  for  armature  at  rest  If  R^  is 
greater  than  2irfL^  the  torque  continuously  decreases 
as  the  speed  of  the  armature  rises ;  while  if  /?»  is  less 
than  2  irfL^y  the  torque  reaches  a  maximum  when  v  has 
such  a  value  that  i?.  =  2  irv^L^.  If  /?.  is  very  small 
compared  to  2irfL^  the  starting  torque  is  very  small, 
and  the  torque  increases  to  a  maximum  which  occurs 
at  a  slip  very  near  to  synchronism. 

Induction  motors  are  usually  designed  to  run  at  a 
speed  which  is  between  synchronism  and  the  speed 
giving  the  greatest  torque.  In  designing  them,  Z«  is 
made  the  least  possible,  and  R^  is  then  given  such  a 
value  that  the  slip  at  normal  full  load  is  sufficient  to 
give  a  value  of  the  torque,  which  is  from  one-half  to 
three-fourths  of  its  maximum  value.  Such  motors  can 
therefore  carry  considerable  overloads,  but  if  the  re- 
sisting moment  of  the  load  is  increased  beyond  the 
maximum  torque,  the  motor  stops.  In  this  respect,  in- 
duction motors  differ  from  continuous-current  motors 
operated  on  a  constant  pressure,  in  which  the  torque 
increases  in  direct  proportion  with  the  armature  current 
and  therefore  with  the  resisting  moment  of  the  load, 
provided  the  total  magnetism  passing  through  the  ar- 
mature remains  constant.  Increasing  the  load  on  a 
continuous-current  motor  will  not  stop  it  until  the  arma- 
ture burns  up  or  the  drop  of  pressure  due  to  current 
flowing  through  the  armature  conductors  is  equal  to  the 
impressed  pressure. 

169.  Forms  of  Armature  Windings.  —  The  armature  ; 
windings  ol  mdwcXVoxv  motors  may  be  of  either  drum  or  . 
ring  types,  \\vo\x^\v  V\v^  ^x^m  \.>i^vi  \&  \aa%t  commonly  j- 
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used.      The  arrangement  of  the  windings   may  be  of 
three  forms : 

1.  Squirrel-cage  fonn,  in  which  single  embedded  bar 
conductors  are  placed  on  the  armature  core  and  all  con- 
nected together  at  each  end  by  a  copper  ring,  thus 
making  a  conductor  system  similar  in  form  to  the  re- 
volving cylinder  of  a  squirrel  cage  (Fig.  276).  The 
conductors  are  insulated  from  the  core. 

2.  Independent  short-circuited  coils.  In  this  form  of 
winding  the  armature  conductors  are  of  insulated  wire 
wound  in  independent  short-circuited  coils,  or  of  in- 
sulated bars  connected  by  end  connectors  in  such  a  way 
as  to  make  independent  short-circuited  coils. 

3.  Independent  coils  short-circuited  in  common.  Here 
the  coils  are  wound  as  in  the  preceding  form,  but  in- 
stead of  being  short-circuited  independently,  all  the  ends 
are  brought  to  a  common  point,  or  pair  of  points,  one 
of  which  may  be  at  the  front  end  and  the  other  at  the 
back  end  of  the  armature. 

It  is  evident  that  the  pitch  of  the  coils  of  the  second 
and  third  forms  of  drum  windings  must  be  equal  to  an 
odd  number  of  times  the  pitch  of  the  field  poles,  in  order 
that  the  electrical  pressure  set  up  in  the  conductors 
may  be  additive,  and  coils  may  therefore  be  diametral 
or  chordal  in  machines  with  an  odd  number  of  pairs  of 
poles,  but  cannot  be  diametral  in  machines  with  an 
even  number  of  pairs  of  poles.  The  actual  number  of 
coils  is  a  matter  of  perfect  freedom,  provided  it  is  a 
multiple  of  two  05  three  and  the  connections  of  con- 
ductors be  properly  made  so  that  the  armature  ^wxi-auC^ 
may  be  unif  orraJy  covered.     A  three-coW  >n\xvOl\xv^  ^^x  "a^ 
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drum  armature,  which  b  intended  to  surround  the  re- 
volving field  of  an  eight-pole  machine,  is  shown  diar 
grammatically  in  Fig.  284,  and   a  thre&«oil  aimature 


which  is  intended  to  revolve  within  a  six-pole  field,  is 
shown  in  Fig.  285. 

170.  Field  Windings. —  The  field  windings  of  induction 
motors  arc  almost  always  arranged  to  produce  more  ihM 
twu  poles,  in  order  to  bring  the  machine  to  a  reasonable 
speed.  The  field  frequency  in  revolutions  per  seconiii 
as  already  shown  (Sect.  165),  is  equal  to^,  where/is  the 
frequency  of  the  alternating  current  and  /  the  number 
of  pairs  of  poles,  and  in  revolutions  per  minute  this  be- 


comes !'= 


60/ 


and  we  therefore  have  the  followinj 


tabic  of  motor  speeds  for  the  frequencies  common  m 
this  country. 

This  table  shows  the  futility  of  attempting  to  biiiw 
satisfactory  induction  motors  of  small  size,  intended  io' 
use  on  even  X^^a  Iq^jjcsI  frequencies  commonly  used  m 
this  countT^,  •n'aVv \e5,^  ^-'^'s-'i^  ^^^  v^-i'*-.  mA-ot.  the  higliw 
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imber  of  poles 
of  motor. 

Frequencies  in  common  use. 

y,  when 

y,  when 
/=6o. 

y,  when 
/-66|. 

K,  when 
/=  125. 

y,  when 
/=  »33- 

2 

4 
6 

8 

lO 
12 

i6 

20 

24 

3600 
1800 
1200 
900 
720 
600 
450 
360 
300 

4OQO 
2000 

^333 

lOQO 
800 

666 
500 
400 

333 

7500 

3750 
2500 

1875 

1500 

1250 

937 
750 

625 

8000 
4000 
2666 
2000 

x6oo 

^333 
1000 

800 

666 

1500 
750 
500 

375 
300 

250 

187 

150 

125 

iquencies  not  less  than  twelve  poles  are  required  to 
/e  a  reasonable  speed.  Motors  of  greater  output  than 
1  horse  power  should  have  a  sufficiently  large  number 
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poles  to  give  a  field  velocity  which  does  not  exceed  750 
800  revolutions  per  minute.     The  windings  for  this 
rpose  may  be  either  placed  directly  upon  polar  ^YCi\^^- 
ns  of  the  field  frame,  as  in  Fig.  286,  -wVvicVv  ^\vov«%  -a. 
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four-pole  two-phase  machine,  or  they  may  be  arntnged 
as  embedded  conductors  in  a  frame  of  uniform  magnetic 
surface,  as  in  Fig.  2S7,  which  shows  a  four-pole  three- 
phase  machine.      The  embedded  conductors  may  be 


wound  as  cither  a  drum  (Fig.  287),  or  ring  (Fig.  23"") 
field,  and  they  give  the  most  approved  arrangcmcnli 
since  embedding  serves  to  reduce  the  reluctance  of  th^ 
magnetic  circuit  and  therefore  to  increase  the  po*'^^ 
factor  of  the  motor.     Since  the  actual  magnet  poles  af* 
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produced  by  the  resultant  eflFects  fif  the  polj^use  cur- 
rents, it  requires  two-cofl  sectitms  to  ixoduce  each  nugnet 
pole  in  a  two-phase  machine,  and  thrcc-ooQ  sectioiis  in  a 
three-phase  machine.  The  ccmnectioiis  erf  the  field  coib 
may  be  traced  out  according  to  the  instmctioos  given  fa 
connecting  the  armature  coils  of  polyphase  generators 
(Sect  102a).  The  connections  for  a  three-phase  field  aic 
illustrated  by  Fig.  287a,  which  shows  a  star-connected, 
four-pole  ring  field.  The  star  cimnection  is  ordinaiily 
preferred  for  three-phase  fields,  as  less  pressure  is  im- 


ff 
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Tig.  287  b 
pressed  on  a  coil,  so  that  fewer  turns  of  wire  are  required 
1111(1  the  strain  on  the  insulation  of  each  coil  is  less.  Tk 
Icilal  wciffht  of  copper  is  equal  in  star  and  mesh  connip- 
tions. l''itjiire  287  ^  shows  a  development  of  thecigM- 
piile,  star-funncctcd  drum  winding  of  Fig.  288. 

The  frequency  iif  the  magnetic  cycles  in  the  irpno' 
the  ileitis  is  e([tuil  to  the  frequency  of  the  current  flo"'- 
ing  in  the  magnetizing  coils,  but  in  the  armature  it  '* 
equal  to  the  motor  slip ;  and  the  hysteresis  and  foucaull 
current  losses  per  pound  of  iron  are  therefore  many 
"imes  greater  in  the  fields.     In  this  respect  the  charat- 


Fig.  388 
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teristics  of  an  induction  motor  are  exactly  the  reverse 
of  those  of  a  continuous-current 
machine ;  where  the  field  loss 
consists  of  the  C'^R  loss  only, 
while  the  armature  loss  is  the 
sum  of  the  6^A'  and  core  losses, 
of  which  the  latter  may  be 
the  larycr  portion.  In  the  in- 
duction motor,  the  ficld-c 
los.ses  are  large  and  the  arma- 
ture-core loR.ses  are  scarcely 
appreciable  in  a  well-designed 
machine;  it  is  therefore  desirable  to  reduce  the  amount 
of  iron  in  the  fields  to  the  least  volume  possible,  if  it 
fan  be  done  without  increasing  the  magnetic  density. 
Kor  this  reason,  in  machines  of  considerable  size,  it  is 
usual  to  arrange  the  armature  so  that  it  surrounds  the 
fields,  as  in  Fig.  288,  in  which  case  the  latter  revolves 
and  the  armature  is  stationary.  This  makes  the  use  of 
collector  rings  necessary,  but  their  disadvantages  are 
usually  inconsiderable.  In  alt  cases  where  squirrel-cage 
armatures  are  used,  the  number  of  field  conductors 
should  be  an  uneven  multiple  of  the  number  of  arma- 
ture conductors,  in  order  that  there  may  be  no  dead 
points  in  starting. 

171.  Starting  and  Regulating  Devices.  —  Four  differ- 
ent arrangements  may  be  used  for  starting  polyphase 
induction  motors. 

I.  Small  machines  are  commonly  connected  directly 
to  the  circuit  without  the  intervention  of  any  special 
starting   devices.      This  is  not   a  safe  proceeding  for 
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large  machines,  as  when  the  armature  is  at  rest  and 
the  ficldH  arc  directly  connected  to  the  suppij-  drcnh,  the 
machine  is  in  the  condition  of  a  txansfomicr  with  the 
secondary  shortKm'cuited,  and  is  liable  to  bum  up  be- 
fore K^^tting  under  way.  The  Allgemeixie  EIciEtridtats 
(jesellschaft  of  Berlin  arrange  their  snudler  motor  arma- 
tures with  two  rows  of  conductors,  making  two  indepen- 
dent squirrel-cages  (Fig.  289^  one  considerably  farther 


Fisr.  280 

from  tho  armature  surface  than  the  other,  which  is 
reported  to  reduce  the  starting  current  of  the  machines. 
J.  (a)  Ki'stsfitftrrs  in  Field.  Resistances  may  be  in- 
serteil  in  the  circuits  leadinj::  to  the  motor  fields,  to  be 
used  in  much  the  same  manner  as  starting  resistances 
are  used  in  starting  continuous-current,  constant-pressure 
motors.     Resistances  arranged  in  this  way  in  each  cir- 
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:uit  must  be  manipulated  simultaneously,  and  therefore 
must  be  mechanically  coupled.  Starting  rheostats 
similar  to  continuous-current  motor  starting  boxes,  and 
liquid  resistances  arranged  to  be  varied  by  dipping 
plates  in  a  bath,  have  been  used.  Three  rheostats  are 
required  for  a  three-phase  motor,  and  two  for  a  two- 
phase  motor  operated  on  independent  circuits.  Two- 
phase  motors  on  three-wire  circuits  may  be  started  with  a 
single  resistance  inserted  in  the  common  wire,  or  by  two 
resistances  inserted  respectively  in  the  independent  wires. 
The  insertion  of  resistance  in  the  field  circuits  of  in- 
luction  motors  serves  to  reduce  the  starting  current  on 
ight  loads  by  reducing  the  pressure  at  the  field  ter- 
ninals ;  this  also  causes  a  reduction  of  the  magnetism, 
i^'hich  is  equivalent  to  reducing  K  in  the  expression  for 

he    starting  torque  (mK-—: — ^^    '  n.  n\  which  shows 

hat  the  starting  torque  under  these  conditions  is  mate- 
ially  smaller  than  the  maximum  torque  of  the  armature, 
ince  4  irhf^L^  is  bound  to  be  considerably  larger  than 
?,2  if  the  armature  C^R  losses  are  not  excessive;  and 
he  motor  must  therefore  take  an  excessive  current  to 
tart  a  heavy  load.  This  plan  has  been  used  quite  ex- 
ensively  by  European  manufacturers,  especially  for  large 
Machines  which  may  be  started  with  belt  on  loose  pulley, 
(b)  Variable  Compensator  or  "  Auto-transformer^ 
t"he  pressure  at  the  terminals  of  the  fields  may  be 
'educed  at  starting  by  introducing  an  impedance  coil 
LCross  the  supply  circuits  and  feeding  the  motor  from 
'ariable  points  on  its  windings.  This  arrangement  may 
*e  caused  to  supply  a  large  starting  current  without  inter- 
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f ering  with  the  supply  circuits,  but  it  has  the  same  effect 
on  the  motor  torque  as  a  resistance  in  series  with  the  fields. 
3.  Resistance  in  Armature.  The  torque  of  the  armature 
at  starting  may  be  made  equal  to  the  maximum  running 
torque  by  inserting  resistances  in  the  armature  circuits 
which  increase  the  total  armature  resistance  at  starting 

in  the  ratio  ^'t^*  =  ^  =  A  where  R.  is  the  cxter- 

R.         R.     vj 

nal  or  starting  resistance  and the  slip  at  full  roaii- 

mum  torque.    As  already  shown  (Sect  i6S\  v.  = — y* 

and  therefore  to  get  a  maximum  torque  when  r.  =/, 

requires  that     *"^/^'  =/,  or  R,  =  2  tt/L.-R^  or  the  ex- 

2  7rA. 

ternal  resistance  in  the  armature  circuit  required  at 
starting  in  order  to  give  maximum  torque  must  equal 
the  difference  between  the  reactance  and  the  resistance 
of  the  armature.  The  total  resistance  used  should  be 
larger  and  arrangements  made  to  reduce  it  gradually. 
As  the  maximum  torque  is  usually  designed  to  occur,  in 
running  with  natural  armature  circuits,  at  a  slip  between 
one  and  one-third  and  two  times  that  corresponding  to 
the  normal  full-load  torque,  the  armature  and  field  cur- 
rents at  maximum  torque  do  not  exceed  twice  the  full- 
load  currents,  so  that  resistances  inserted  in  the  arma- 
ture circuits  serve  the  double  purpose  of  increasing  the 
starting  torque  and  keeping  the  starting  current  within 
bounds. 

This  plan  has  been  largely  used  by  Siemens  and 
Halske,  the  General  Electric  Company,  the  Stanley 
Electric  Manufacturing  Company,  the  Westinghouse 
Company,  and  others.     The  arrangement  of  the  start- 
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;  rheostat  depends  largely  upon  the  type  of  the 
nature  windings  to  which  it  is  applied.  In  arma- 
es  of  the  squirrel-cage  type  the  conductors  may  be 
ped  at  one  end  with  tapered  german  silver  strips, 
ich  come  in  contact  with  a  sliding  copper  ring.  At 
rting,  this  ring  may  just  touch  the  german  silver 
s,  and  as  the  machine  speeds  up  the  ring  may  be 
i  along  until  the  tips  arc  cut  out  and  the  copper 
nature  conductors  are  directly  connected  together 
ough  the  ring. 

[f  the  armature  revolves,  it  is  evident  that  the  ring 
ist  be  arranged  to  slide  on  a  spline  on  the  shaft,  and 
be  controlled  by  a  grooved  sliding  collar  and  loose 
er.      The  same  device   may  be  used  for   armatures 
h  coils  having  a  common  short-circuiting  point.      In 
case  one  set  of  coil  terminals  are  permanently  con- 
ed together,  and  the  other  set  are  connected   into 
lan  silver  strips,  which  may  be  short-circuited  by  a 
\g  ring,  as  already  explained.     This  arrangement 
Deen  used   by  Siemens  and    Halske,  the  General 
ic  Company,  and  others. 

he  armature  windings  are  arranged  so  as  to  have 
e  coil  for  each  phase,  the  introduction  of  resist- 
very  simple,  since  only  one  resistance  coil  for 
ase  is  required.     In  this  case,  if  the  armature  is 
"y,  the  connections  of   the  rheostat   are   made 
into  the  armature  circuits,  or  between  the  ar- 
ircuits  and  one  point  of  common  connection ; 
the  armature  revolves,   three   collector   rings 
»laccd  on  the  shaft,  and   stationary  rheostats 
ed  to  control  the  resistance  of  the  coils  which 


624        ALTERNATING  CURRENTS. 

arc  properly  connected  to  the  rings,  or  the  resistance 
may  be  placed  inside  the  armature  spider  and  controlled 
by  a  sliding  collar  and  loose  lever.  Such  arrangements 
arc  used  by  the  Stanley  Electric  Company,  the  General 
Electric  Company,  and  others. 

4.  Commiitated  Artnature.  The  armature  may  be 
wound  with  the  coils  so  arranged  that  their  conductm 
arc  in  scries  when  starting  and  in  parallel  when  running. 
If  X  is  the  number  of  parallels  in  such  an  armature,  tk 
resistance  at  the  start  is  ^  times  the  running  resistance^ 
and  the  reactance  at  start  is  ^  times  the  running  react- 
ance.    The  starting  current  in  the  armature  with  the 

conductors  in  series  is  therefore  -  times  as  great  as  it 

X 

would  be  with  the  conductors  in  parallel,  but  the  field 
current  at  starting  is  the  same  with  cither  arrangemcnl 
of  the  armature  conductors.  On  the  other  hand,  since 
placing  the  conductors  in  series  increases  the  resistance 
and  reactance  in  the  same  proportion,  the  starting 
torque  of  the  armature  is  the  same  with  the  conduct- 
ors in  series  or  j^arallel.  The  armature  winding  may 
also  be  so  arranged  that,  instead  of  starting  with  all 
conductors  in  series,  a  portion  of  the  conductors  are 
connected  in  opposition  to  the  others  at  the  start,  and 
are  then  reversed  and  connected  properly  in  series  with 
the  others  after  the  machine  is  in  operation.  The  oppo- 
sition arrangement  affects  the  current  of  both  armature 
and  field. 

The  third  and  fourth  arrangements  may  be  combined 
by  making  the  connectors,  by  means  of  which  the  arma- 
ture conductors  are  placed  in  series,  of  high  resistance 
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material ;  these  connectors  are  cut  out  when  the  con- 
ductors are  short-circuited  together. 

This  device  has  been  used  in  various  forms  by  Sie- 
mens and  Halske  and  the  Westinghouse  Electric  Com- 
pany. 

172.  Effect  of  Rotary  Field  on  Field  Windings.  —  The 
distribution  of  magnetism  in  the  air  space  of  an  induc- 
:ion  motor  has  been  found  to  be  approximately  sinu- 
soidal, when  the  motor  is  fed  by  sinusoidal  currents,* 
md  the  counter  electric  pressure  set  up  in  the  field 
vindings  by  the  rotating  magnetism  is  exactly  the  same 
IS  though  the  windings  moved  with  an  equal  angular 
velocity  in  a  stationary  uniform  field.  The  electrical 
pressure  developed  in  a  conductor  depends,  in  other 
ATords,  upon  the  relative  angular  velocity  of  conductor 
md  magnetism,  and  it  makes  no  difference  which 
Tioves.  Therefore,  the  formula  at  the  bottom  of  page 
to,  Vol.  I.,  applies  to  this  case,  or 

e'  =  — sm  a, 

10**  X  60 

in  which  c'  is  the  instantaneous  pressure  in  the  coil,  «' 
the  number  of  turns  in  the  coil,  JV  the  total  magnetiza- 
tion from  one  pole,  V  revolutions  per  minute,  and  a 
angular  position  of  the  coil.  In  the  case  under  consid- 
eration. 


TT         2p 


*  Blondclf  Notes  sur  la  theorie  elementaire  des  appareils  h.  champ 
^Urnant,  La  Lumiere  Aiectrique^  Vol.  50,  p.  351;  Jackson,  Three-phase 
Notary  Field,  Electrical  Journal^  Vol.  i,  p.  185. 
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where  r  and  /  are  the  inner  ndios  aad  the  lengdi  of  die 

field  core,  B^  the  maximiim  magnftir  dtaaiu  in  the  air 

Kpace,  and  /  the  number  of  pairs  dL  poles  in  the  field 

V     f 
Since  >    =s'^»  and  the  magnetism  per  magnetic  drcidt 

in  a  multipolar  machine  must  be  multiplied  by  the  nmii- 

ber  of  pairs  of  poles  to  get  the  total  number  of  Gncs 

of   force  cut  per  conductor   per  revofaition  (Vol  L, 

p.  278),  the  formula  may  be  written,  generally,  in  the 

form 

J  _2in/Nf 

,      2  im'Nf 

whence  ^  '  = «--» 


and 


This  is  the  viiluc  of  the  electrical  pressure  developed 
ill  ;i  iiiirrow  coil,  but  if  the  coil  is  spread  over  a  con- 
si(li'r:ii)lc  area,  the  maximum  pressure  is  less  than  that 
^ivcii  above,  since  the  density  of  the  magnetism  which  is 
cut  by  the  conductors  falls  off  from  B^  at  the  centre  of 
tlu:  coil  to  some  smaller  value,  which  depends  upon  the 
width  of  the  coils.  If  the  coil  occupies  180  electrical 
di'f^rees  of  circumference,  when  the  middle  conductor  is 
in  a  field  of  density  B^  the  outer  conductors  are  in  *  J 
field  of  zero  density.  The  maximum  pressure  developed 
by  the  total  coil  is  then 

-  X  -  -     0—  • 
IT  icr 


ALTERNATING-CURRENT   MOTORS.  627 

If  the  coil  spreads  over  an  angle  dy  the  value  of  ej 

becomes 

2  irn'Nf  f  w 
^  —  I     cos  aaa. 


^  ,  _  I       2_7r//^/  r^ 


The  field  windings  of  induction  motors  are  usually 
arranged  uniformly  on  the  field,  so  that  in  two-phase 
motors  6  =  90°,  and  in  three-phase  motors  6  =  60°.  The 
respective  values  of  i\'  become 

,      4V2//MY  ,      6h'iV/ 

iQP  icr 

and 

^  "      108  ^^  ~         108 

Hence  the  electrical  pressure  set  up  in  a  uniformly 
distributed  field  winding  of  a  two-phase  motor  is,  other 
things  being  equal,  about  10  per  cent  less  than  if  the 
windings  were  in  narrow  coils;    and  in   a  three-phase 
motor  the  deficit  is  nearly  5  per  cent.     The  exact  ratios 
are  tt  :  2  V2  and  tt  :  3.    To  give  the  same  counter  electric 
pressure  in  the  uniformly  distributed  field  windings  of 
an  induction  motor  arranged  for  two  phases,  requires 
about  6  per  cent  more  turns  in  the  windings  than  when 
the  same  machine  is  arranged  for  three  phases.     If  the 
windings  are  placed  on  salient  poles,  as  is  sometimes 
done  in  two-phase  motors,  all  the  lines  of  force  pass 
through  the  windings,  and  the  coils  therefore  act  as 
though  they  were  very  narrow,  but  the  increased  reluc- 
tance of  the  magnetic  circuit  caused  by  this  construction 
*^ore  than  destroys  any  advantage  pertaining  to  the 
^orm  of  the  winding. 
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173.  Formulas  derived  from  Transformer  Formulas.— 

In  the  case  of  a  transformer,  the  following  formula 
(Sect.  Ill)  gives  the  relation  between  electrical  press- 
ure, frequency,  magnetism,  and  the  turns  of  the  coils; 


E'  -- 


■n'Nf 


provided  all  the  m  s  included  within  al!  ihc 

turns.     This  provist  -uc  in  the  ordinary  induc- 

tion motor,  since  thi.  ic  density  in  the  air  g.ip 

may  be  assumed  to  \  sinusoid,  and  thai  condi- 

tion requires  that  the  of  lines  of  force  passing 

through  the  different  turns  of  the  coils  shall  also  van 
as  a  sine  function.  This  is  illustrated  in  Fig.  290.  Con- 
sequently we  have  for  the  induction  motor. 


/2  TTH'MfC^ 


where   -  is  the  value  of  o  corresponding  to  the  sine 

ordinate  which  is  proportional  to  the  number  of  line 
of  force  passing  through  the  extreme  turns,  when  the 
total  magnetism,  TV,  passes  through  the  centre  turns  of 
the  coil. 

For  uniformly  distributed  windings  in  two  phases. 
&  =  90°,  and  in  three  phases,  6  =  60",  while  for  coils  on 
salient  poles  6  =  0°.  The  values  of  E'  for  the  fieU 
winding  of  the  induction  motor  become 

and  the  formulas  thus  developed  from  the  fundamcoUl 
theorems  of  the  transformer  are  exactly  the  same  M 
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lose  developed  from  the  conception  of  the  rotary  field, 
or  various  reasons  it  is  more  convenient  to  study 
iduction  motors  from  the  transformer  standpoint,  and 
e  may  consider  them  as  transforviers  with  a  relative 


Figr.  290 

lotion   between   the  primary  and  secondary  windings. 
1  this  case,  the  field  ivinding  is  always  the  primary 
^cuit  and  the  armature  winding  the  secondary  circuit. 
174.   Exciting  Current.  —  The  exciting  current  for  an 
iduction  motor  may  be  calculated  for  each  circuit  in 
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exactly  the  same  manner  as  that  for  a  transformer.    It 
is  composed  of  two  components  in  quadrature ; 

( I )  The  active  current,  which  is  equal  to  the  sum  "f 
the  no-load  losses  in  the  circuit,  in  watts,  divided  by  Iho 
volts  per  circuit.  The  number  of  circuits  is  eqinl  i" 
the  number  of  nhases.  The  total  losses  entering  in!" 
.o-Ioad  losses)  are  the  oik 
Lire;  the  CK  loss  in  iht 
;nt;  a  small  C/i  loss  in 
lature  current  required  ti 
tion  and  core  losses  (umi 
on  loss.    The  watts  re  |irc 


the  exciting 

losses  in  tht 

field,  due  to 

the  armature 

run  the  arm; 

ally  negligible 

sented  in  the  exciting  current  per  electrical  circuit 

equal  to  the  total  no-load  losses  divided  by  the  number 

of  phases. 

(2)  The  wattless  magnetizing  current,  which  is  in 
quadrature  with  the  active  component  of  the  exciting 
current,  is  calculated,  as  in  the  case   of  transformer^ 


PN 


from  the  formula  V2  riC   =  — -1  where  P  i; 

"       I.2S 

tance  of  the  magnetic  circuit.  By  Section  iGo,  if  «'," 
number  of  turns  per  phase  which  link  each  magneoc 
circuit,  the  actual  magnetizing  current  per  circuit  is 

«',  X  V2  X  1. 25      ' 
which  for  a  two-phase  machine  becomes 

C.J-- 


17s  «', 


=Jld  for  a  three-phase  machine, 

c>-  ^-y  . 

'"       2.65  k'. 
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Since  mechanical  clearance  between  the  armature  and 
fields  is  an  essential  feature  of  a  motor,  the  reluctance 
of  the  motor  magnetic  circuit  is  much  greater  than 
that  of  a  transformer  of  corresponding  capacity.  This 
makes  the  magnetizing  current  greater,  increases  the 
exciting  current,  and  reduces  the  no-load  power  factor. 
The  total  exciting  current  is  equal  to  the  square  root 
of  the  sum  of  the  squares  of  its  two  components,  or 

175.  Field  Ampere-Turns.  —  The  ampere-turns  on 
each  magnetic  circuit  of  an  induction  motor  are  the 
resultant  of  the  ampere-turns  due  to  all  the  phases 
[Sect.  160).  It  may  readily  be  shown  that  the  result- 
ant of  any  number  of  equal  sine  functions  with  a  uni- 

form  phase  difference  is  a  circular  function  equal  to  —x^ 

where  x  is  the  amplitude  of  the  components,  and  m 
the  number  of  components.  It  is  therefore  evident, 
from  the  deductions  of  Section  160,  that  the  resultant 
ampere-turns  in  the  magnetic  circuit  of  an   induction 

motor  is  —  («'^C'V2),  where  u'^  is  the  number  of  turns 

belonging  to  each  phase  which  link  each  magnetic  cir- 
cuit, and  O  is  the  current  in  each  phase.  Consequently, 
if  y  ampere-turns  are  required  in  the  magnetic  circuit, 

the  winding  in  each  phase  must  furnish    -  times  the 

2  "^ 

vvhole.      For  two-phase  motors,  —  =1,  and  for  three- 

2       2 
phase  motors,  —  =  -. 

m      3 

176.  Slip  and  Armature  Pressure.  —  As  stated  in  Sec- 
tion 165,  if  the  field  rotation  is  V,  the  armature  rotation 
^ust  be  somewhat  less,  or  F',  and  therefore  the  slip  is 


i 
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f—  I"  =  r.  It  is  evident  that  V  is  [iroporlionn]  to  the 
frequency  with  which  the  total  useful  ma^eli^m  per 
pole,  jV„  cuts  the  armature  cunductora,  and  it  wfll  vary 
from  a  value  !>=(^to  i'  =  o  as  the  motor  armatun: 
changvft  from  a  condition  ni  rest  to  a  speed  of  s)iichrn- 
nistn.  Sli|)  is  frequently  named  in  per  cent  of  motor 
Speed.  In  ordinary  practice,  the  slip  varies,  at  full  load 
from  2  |>i;r  cent  to  iO  per  cent  of  I'  having  the  Stmiila 
value  in  l;irj;e  machines.  The  maximum  pressure  in- 
duced in  liny  conductor  on  the  armature  is 

'    ~        IO*      ~  IO*  X  60' 
where  N„  is  the  armature  magnetism  per  pole;  and  ihc 

effective  prL'ssure  per  conductor  b 

10*  X  60 

since  the  pressure  curves  in  the  conductor  must  be  sina- 
soidal  if  the  magnetism  has  a  sinusoidal  distribution  in 
the  air  space,  as  has  been  assumed.  The  effective  cur- 
rent flowing  in  a  conductor  of  a  squirrel-cage  armalurc 
will  be 

V2  -wNjn'  Va  -jrN^p 

io"  X  60  X  /, 


where  /,"  is  the  impedance  of  the  armature  condudot- 
0,  is  the  angle  of  lag  of  the  current,  and  RJ'  the  resist- 
ance of  the  conductor.  The  C^R  loss  in  the  ant* 
turc  conductors  will  be  If.  =  S"CJ''J^J',  where  5"  a 
the  number  of  armature  conductors.  The  torqut  i^ 
iroportional  to  the  current  times  the  magnetic  fel' 
^hich   is   nearly   constant);    and,    if   we  neglect  tli' 
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ect  of  magnetic  leakage,  it  is  evident  that  the  arma- 
-e  must  run  at  a  slip  which  sets  up  an  electric  pressure 
the  armature  conductors  which  is  equal  to  the  drop  of 
assure  in  the  conductors  caused  by  the  current  de- 
inded  to  give  the  torque.  So  that  the  slip  is  directly 
oportional  to  the  armature  current  for  a  fixed  arma- 
-e  resistance,  and  for  a  fixed  armature  current  is 
•ectly  proportional  to  the  armature  resistance.  In 
tual  motors,  magnetic  leakage  is  not  negligible,  and 
z  slip  is  increased,  since  the  magnetic  leakage  in  a 
LHsformer  is  proportional  to  the  secondary  ampere- 
-ns.  The  slip  is  also  increased  by  the  drop  of 
essure  in  the  field  winding,  which  increases  with 
^  load,  and  causes  a  corresponding  decrease  in  the 
lue  of  N^. 

The  fact  then  stands  that  the  increase  of  slip  between 
-load  and  full-load  must  be  suflficient  to  increase  the 
essure  in  the  armature  conductors  by  an  amount  equal 
the  increased  loss  of  pressure  in  the  conductors  due 
the  increased  current  and  the  decreased  armature 
agnetism.  If  magnetic  leakage  increases  with  the 
mature  current,  the  total  slip  becomes  proportional  to 

"RJ'+AN^  -h  ^CJRJ,  where  ^  is  a  constant,  N^  the 

imber  of  leakage  lines  of  force  passing  through  the 

mature  coils,  S',  J?"  the  number  of  field  and  armature 

inductors,  CJRJ  the  drop  of  pressure  per  field  con- 

ictor. 

177.   Design  of  Induction  Motors.  —  The  general  prin- 

ples  of  transformer  design  may  be  so  aj)plied  to  the 

duction  motor  that  its  construction  becomes,  in  many 
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respects,  the  same  as  that  of  the  transformer.  If  it  is 
desired  to  design  a  rotary-field  motor  to  supply  W^ 
horse  power,  or  W^W  x  746  watts,  the  formula 

will  give  the  product  of  the  field  turns  into  the  mag- 
netism, fi  N\  E  and  /  being  given  by  the  conditions 
of  the  problem,  and  /  the  number  of  pairs  of  poles 
(which  is  dependent  upon  armature  speed  and  fit* 
quency)  being  chosen  from  the  table  in  Section  17a 

AT  is  a  constant  which   is  equal  to =  .90  for  a 

two-phase    machine,    and    --  =  .95    for    a    three-phase 

TT 

machine  (Sect.  172).  It  must  be  remembered  that  f 
is  the  primary  pressure  per  coil  in  each  phase,  and  its 
relation  to  the  line  pressure  per  phase  depends  upon 
the  connections  of  the  coils. 

The  safe  circumferential  speed  for  induction  motors 
is  even  higher  than  that  for  alternators,  since  the  con- 
ductors are  nearly  always  embedded  in  both  field  and 
armature  cores,  but  the  usual  periphery  velocities  are 
between  4000  and  6000  feet  per  minute.  With  a  given 
frequency  and  number  of  revolutions  per  minute,  the 
armature  diameter  in  feet  will  be 


ttV 


where  [/  is  circumferential  speed  in  feet  per  minute. 
The  ratio  between  ;/'  and  .V  must  be  determined  in  ^ 
great  measure  by  practice.     A  reasonably  large  value 
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of  N  with  a  proportionate  iron  section  increases  the 
no-load  losses,  but  increases  the  full-load  efficiency  as 
in  the  case  of  a  transformer  (Sect.  129).  It  is  usually 
desirable  to  have  the  maximum  efficiency  of  a  motor 
occur  at  about  three-fourths  load,  as  motors  commonly 
run  on  loads  which  average  less  than  full  load.  Kolben  * 
states  that  for  ordinary  good  practice,  the  number  of 
ampere-turns  per  centimeter  of  the  field  circumference 
at  full  load  should  be  from  100  to  150,  when  the  fre- 
quency is  from  40  to  80  and  the  induction  in  the  air 
gap  from  2000  to  3000.  This  should  only  be  used  as 
a  guide  or  check  in  making  a  design.  The  number  of 
field  turns  per  volt  appears  from  the  examination  of  a 
limited  number  of  machines  to  be  more  than  double 
the   number   of   turns   per   volt   used   in   transformers 


[p.    532);    the   range  being  from 


50 


to 


100 


Voutput      Voutput 


when  the  output  is  in  watts. 

The  magnetic  density  in  the  field  cores  may  be  about 
the  same  as  in  transformers.  Kolben  gives  these  val- 
ues for  different  frequencies. 


/ 

B 

/ 

B 

40 

50 
60 

55CX)  to  6500 
5000  to  6000 
4500  to  5000 

80 
100 
120 

4000  to  4500 
4000  to  3500 
3500  to  3000 

Having  the  total  magnetization  iV,  which  is  obtained 
from  the  pressure  formula  when  n!  is  assumed,  and 
assuming  the  maximum  magnetic  density  B^,  the  cross- 

*  Electrical  Worlds  Vol.   22,   p.   284;    London   Electrician^  Vol.    31, 
P-  591. 
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section  of  the  iron  may  be  found.  The  magnetic  density 
between  the  core  slots  may  be  allowed  to  become  as 
great  as  two  or  two  and  a  half  times  the  density  in  the 
core,  but  every  effort  to  keep  it  small  in  value  should 
be  made.  • 

There  must  be  t/  turns  in  the  coils  of  each  phase, 
since  the  counter  pressure  E  must  be  generated  in  the 
coils  of  each  phase.  The  length  of  field  or  armature 
will  be  dependent  upon  the  magnetic  density  in  the 
air  space,  which  may  be  made  quite  large.  The  limit 
being  determined  by  the  reluctance  permissible  in  the 
magnetic  circuit  and  hence  by  the  magnetizing  force 
required  to  drive  the  magnetism  through  the  circuiL 
The  air  space  of  the  motor  may  be  very  small,  so  that 
it  may  be  permissible  to  run  the  maximum  magnetic 
density  somewhat  higher  than  in  the  case  of  dynamos 
or  alternators,  though  the  practice  for  these  machines 
may  be  safely  followed.  From  2000  to  6000  lines 
would  be  a  safe  range.  If  the  fields  are  wound 
through  holes,  as  in  Fig.  287,  the  length  of  the  field 
will  be 

2      irDB^  "  DB^ 

where  /  is  the  number  of  pairs  of  poles,  B^  the  maxi- 
mum air-space  induction,  ttD  the  circumference  of  the 
polar  surface,  and  N  is  the  magnetism  emanating  from 
a  pole.  The  paths  of  leakage  are  somewhat  as  sho^^iJ 
in  Fig.  291,  and  the  coefficient  of  leakage  may  be 
taken  between  1.05  and  1.25  when  the  motor  is  run- 
ning at  full  load.  At  starting,  the  leakage  will  be 
increased  on  account  of  the  strong  armature  reaction 
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ending  to  force  the  field  magnetism  across  the  pole 
ips.  The  magnetizing  current  for  a  two-phase  machine 
nay  be  found  from  the  formula  (Sect.   174) 


V 


1.75  V 


n. 


Inhere  P  is  the  reluctance  of  the 
magnetic  circuit.     For  three-phases 

r  >-   P^  -  .9^P^ 


2.65 ;// 


n. 


FifiT.  aoi 


"he  working  current  in  each  phase  of   the  two-phase 
binding  is 

C2J  =  pT  "^  P^^  ^^^^  efficiency. 

The  efficiency  of  the  motor  is  assumed  during  the  trial 
alculation.     In  the  three-phase  winding 

CyJ  =  -j^r  -i-  per  cent  efficiency. 


The  total  current  in  a  two-phase  machine  is 


nd  for  the  three-phase, 


C  —y/C  '24.  r  '2 

laving  obtained  the  field  current,  the  size  of  the  field 
onductors  may  be  obtained,  allowing  from  900  to  1200 
ircular  mils  per  ampere. 

As  in  transformers,  the  radiating  surface  of  a  station- 
t"y  field  core  should  not  be  less  than  five  to  seven  square 
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inches  per  watt  radiated.  If  the  field  rotates,  thb  may 
be  greatly  reduced.  The  usual  way  to  wind  the  coils  is 
to  divide  them  up  into  sections  and  place  them  in  slots 
or  holes  (Fig.  292).  Slots  seem  to  be  preferable  if  the 
teeth  are  close  together,  as  there  is  then  less  field  leakage 
in  the  paths  indicated  by  the  dotted  lines  of  Fig.  292  tf. 
The  armature  may  be  wound  in  any  of  the  ways 
explained  in  Section  169.    The  wires  are  usually  em- 


0000 


FifiT.  202 

bedded  in  the  surface  of  the  core,  as  is  the  case  with  the 
field  windings  (see  Figs.  287  and  288).  By  this  means 
the  air  space  may  be  made  of  exceedingly  small  depA 
and  the  magnetizing  current  and  magnetic  leakage  arc 
thus  reduced,  which  is  very  desirable.  The  diameter  of 
the  armature  has  already  been  determined ;  its  speed  >»'«' 
be  V  =  V—  V.  The  slip,  v,  should  be  made  from  2  to 
10  per  cent,  the  larger  value  being  for  a  machine  of 


I 
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about  I  H.P.  and  the  lower  for  100  H.P;*  in  other 
words,  the  regulation  of  induction  motors  may  be  made 
equal  to  that  of  continuous-current  motors.  The  copper 
loss  in  the  armature  bars  Lc'  is 

Z,"  =  CrRJ'S", 

Cl'Rl'  =  Ar%!^cos  ,^"  (Sect.  176). 

icr  X  60 


Rr  =  /f -##^cos  r- 

10^  X  60  X  C 


In  a  squirrel-cage  armature  A^=  i,  but  in  coil  armatures 
its  value  depends  upon  -  I     cos  ada  (Sect.  172).     The 

value  of    C/'  is  given  with  ample  accuracy  from   the 
formula    IV= —E'S^'CJ'  cos  <l>^\  where  5'  and  S"  are 

respectively  the  number  of  embedded  conductors  of 
field  and   armature.     If   both   field  and    armature   are 

either  drum  or  ring  wound,  it  is  evident  that  ^  =  — -, 

but  if  they  have  different  types  of  windings  the  equality 
does  not  exist.     In  every  case  —^  =  -^-    The  value  of 

cos  ^"  may  be  taken  as  0.90  for  a  reasonably  close 
approximation,  and  the  value  of  the  resistance  of  each 
3-rmature  conductor,  including  its  share  of  the  resistance 
<>f  the  end  connections,  which  corresponds  to  a  fixed 
^alue  of  the  slip,  is  then  approximately  determined 
^rom  the  formula.     The  value  of  N^  used  in  this  com- 

Putation  must  correspond  to  full  load ;  it  is  N—- — 

*  Kapp's  Electrical  Transmission  of  Energy  y  4th  ed.,  p.  323;  Steinmetz, 
^^ans.  Am,  Inst.  E.  /;.,  Vol.  11,  p.  37. 
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where  N  is  the  field  tnagnclizatton  at  no  load  (that  is, 
assuming  no  CR  drop  in  the  primary  X  E,'  is  ihc  on- 
pressed  circuit  pressure,  C  is  the  primary  current  at  full 
load,  and  ~  is  the  leakage  cocfScienL 

If  the  armature  is  not  arranged  to  allow  the  insertion 
of  a  starting  resistance,  and  if  a  maximum  staiting 
torque  is  desired,  RJ'  mu  made  of  such  a  x'atue  as 

to  make  A',"  =  2-nfL",  whcic  L"  is  the  self-inductancc 
of  an  armature  bar.  Such  i  value  for  R^'  gives  an 
enormously  large  slip  at  full  toad  and  is  unsatisfacloty 
except  for  special  purposes,  so  that  R"  is  usually  sniallei. 

The  density  of  current  in  the  armature  conductors,  if 
the  armature  rotates,  may  be  made  quite  largi;,  an 
allowance  of  300  circular  mils  per  ampere  being  suffi- 
cient, since  the  core  losses  are  insignificant.  If  the 
armature  is  stationary,  the  current  density  should  not 
exceed  one-third  that  value.  The  radiating  surface  [W 
watt  lost  in  a  rotating  armature  should  be  the  same  as 
that  in  an  alternator  or  continuous-current  dvnamo, 
taking  all  losses  into  account.  In  the  same  way  thi: 
radiating  surface  of  a  stationary  armature  should  be  ifw 
same  as  is  allowed  for  dynamo  fields  if  the  same  rise  of 
temperatures  is  admitted. 

The  foucault  current  and  hysteresis  losses  may  1* 
determined  exactly  as  in  the  case  of  a  transforniCp 
using  Vy  as  the  frequency  of  magnetic  cycles  in  the 
armature,  and  /as  the  frequency  in  the  field. 

The  loss  in  primary  pressure  due  to  C^R  losses  in  th"^ 
fields,  and  foucault  currents  and  hysteresis,  will  incrcasf 
proportionally  the  input  required  to  give  a  desired  out- 
put, and  proper  correction  must  be  made  in  the  desifjn- 
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The  efficiency  of  a  machine  is 

W 


V  = 


W-^L 


and  L  =//>+  //.  +  -?>  +  Z,  +  C^R^^- C'^R,-\-F,  where 
JF  is  the  output,  L  the  total  losses,  H  hysteresis  losses, 
Z  foucault  current  losses,  and  i^  friction  losses,  all  given 
in  watts  or  horse  power.  The  maximum  efficiency  evi- 
dently occurs,  as  in  continuous-current  machines  and 
transformers,  at  that  load  which  causes  the  variable 
copper. losses  to  equal  the  constant  core  and  friction 
losses. 

The  power  factor  of  the  machine  when  running  with- 
out load  is 


COS  <f)'  =  "*      — -■  =  -^n 


IS  shown  in  Section  174.  When  the  machine  is  loaded, 
:he  power  factor  is  partially  dependent  upon  the  lag  of 
:urrent  in  the  armature  (cos  <^"),  and  the  self-induc- 
:ances  of  both  armature  and  field  windings  must  be 
calculated  before  the  power  factor  can  be  determined. 
The  self-inductances  of  the  windings  are  due  to  the 
leakage  lines  of  force,  and  the  values  may  be  determined 
from  the  reluctances  of  the  leakage  paths  and  the 
arrangements  of  the  windings.*  In  general,  the  power 
factor  is  approximately  equal  to 

cos    — r -f  cos    — ^-fcos    -^y 

♦  London  Electrician,  Vol.  36,  p.  578. 
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The  torque  of  the  annature  when  the  output,  fV,  is 
given  in  watts  is  equal  to 

p^6ox  fVxi(f  in  dyne-centhnetcrs, 


27rF' 
2vV'  16.3 
2irV'  226,000 


in  gramme-centimeters, 


in  pound-feet 


177  a.  Output  Proportional  to  Square  of  Primary  Pms- 
ure.  — The  output  of  the  motor,  plus  the  armature^ore 
losses  and  friction,  is  equal  to  the  product  of  the  number 
of  armature  conductors  and  the  effective  current  in  each 
conductor,  multiplied  by  the  product  of  the  pressure 
which  would  be  developed  in  each  conductor  if  the 
armature  were  driven  at  its  speed  in  an  equal  stationary 
field  and  the  cosine  of  the  angle  of  lag  of  the  armature 
current, 


or 


but 


and 


V 


C"  = 


EJ' 


V/?/'2  +  4T2t'iV.,"» 


AV 


>  n 


cos  6"  =   —  -r^-:-r^2l. , 


and  therefore        IV  = 


V 


Also 


,;2 


if^ 


/T  /'2  _  p  n  _IL  —  JL  Ff2 


where  EJ  is  the  induced  field  pressure  per  conductor,  f 
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he  total  field  pressure,  and  S'  the  number  of  field  con- 
luctors, 

O      77/2  *^  ^  L>  n  (  '^     \   Z7/2  »^   ^ 


■nd      W  = 


This  formula  is  not  one  which  can  be  made  of  service 
n  the  design  of  a  motor  (in  fact,  it  is  not  needed  for 
uch  a  purpose),  but  it  plainly  shows  the  effect  on  the 
lutput  of  a  motor,  which  is  caused  by  varying  any 
ne  of  its  constructive  details  while  the  others  remain 
inchanged.  A  very  important  deduction  from  the  for- 
mula is  :  that  the  torque  and  output  of  an  induction  motor 
'ary  as  the  square  of  the  primary  pressure^  so  that  a 
machine  which  will  carry  an  overload  of  50  per  cent  on 
:s  normal  pressure  will  barely  run  at  full  load  if  the 
»ressure  is  reduced  20  per  cent.  The  formula  also 
hows  that  the  slip  is  inversely  dependent  on  the  pri- 
tiary  pressure. 

178.  Electromagnetic  Repulsion.  —  If  a  coil  of  wire  is 
leld  in  an  alternating  magnetic  field  in  such  a  way  that 
he  lines  of  force  pass  through  its  turns,  an  alternating 
>ressure  is  set  up  in  it  which  has  90°  difference  of  phase 
rom  the  alternating  magnetism.  This  in  turn  causes  a 
urrent  in  the  coil,  and  the  coil  experiences  a  force  at 
-ach  instant  tending  to  move  it  in  the  magnetic  field, 
*^hich  is  proportional  in  magnitude  and  direction  to  the 
Product  of  the  corresponding  instantaneous  values  of 
Urrent  and  magnetism,  paying  due  attention  to  their 
^lative  signs;  and  the  force  for  a  period  is  equal  to 
he  average  of  the  instantaneous  torques  during  the 
Period.     If  the  coil  could  have  no  self-inductance,  and 
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the  phase  of  the  current  could  therefore  be  m  quadia- 
ture  with  that  of  the  magnetism,  the  average  forces 
during  alternate  quarter  periods  would  be  equal,  but  in 
opposite  directions  (compare  Fig.  49),  and  the  average 
force  during  a  whole  period  would  be  zero,  so  that  the 
coil  would  have  no  tendency  to  move ;  but  in  all  prac- 
tical cases  a  coil,  or  even  a  fiat  disc,  must  have  some 
self-induction,  so  that  the  current  lags  behind  the  im- 
pressed pressure,  and  the  current  phase  is  therefore 
more  than  90^  behind  the  phase  of  the  magnetism. 
In  this  case  the  instantaneous  values  of  the  force,  when 
plotted  in  a  curve,  give  a  figure  similar  to  Fig.  48,  bat 
turned  upside  down,  since  the  current  lags  behind  the 
magnetism  more  than  90**.     The  ordinates  of  the  large 
loop  represent  a  negative  or  repulsive  force,  and  the 
ordinates  of  the  small  loops  a  positive   or  attractive 
force,  and  the  summation  of  the  instantaneous  forces 
during  a  period  is  seen  to  have  a  finite  negative  value. 
This  shows  that  the  coil  experiences  a  repulsive  force 
which  tends  to  move  it  out  of  the  magnetic  field    If 
the  coil  is  pivoted,  the  force  tends  to  turn  it  into  such 
a  position  that  the  lines  of  force  of   the  field  do  not 
thread  through  its  turns.     The  conditions  here  set  forth 
were  first  fully  explained  and  illustrated  in  a  remarka- 
ble lecture  by  Professor  Elihu  Thomson,*  and  a  similar 
lecture  by  Professor  Fleming,  f 

179.   Single-Phase  Induction  Motors.  —  If  the  fields  oi 
an  induction  motor  arc  wound  with  one  set  of  coils  so 


*  Novel  Phenomena  of  Alternating  Currents,  Trans.  Amer.  Imi.E'^f 
Vol.  4,  p.  160. 

t  Electromagnetic  Repulsion,  London  EUctrician^  Vol.  26,  p.  5^* 
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that  the  field  poles  are  set  up  by  a  single  alternating 
current  flowing  in  the  coils,  the  poles  will  be  stationary 
but  alternating,  and  the  effects  of  electromagnetic  repul- 
sion just  described  may  be  utilized  for  the  purpose  of 
causing  the  armature  to  rotate.  If  the  armature  is 
wound  with  uniformly  spaced  short-circuited  coils  or 
conductors,  the  repulsive  effects  in  the  different  coils 
will  balance  each  other  when  the  armature  stands  still; 


but  if  the  coils  have  their  independent  ends  separately 
connected  to  the  opposite  bars  of  a  commutator  having  as 
many  bars  as  there  are  sets  of  conductors  in  the  arma- 
ture, brushes  may  be  so  arranged  as  to  short-circuit  each 
coil  when  it  is  in  a  position  to  give  a  force  in  one  direc- 
tion. This  arrangement  was  suggested  by  Professor 
Thomson  "  and  is  illustrated  in  Fig.  293.  The  motor 
is  self-starting,  and  runs  by  virtue  of  the  repulsion 
•  Tram.  Amrr.  InU.  E.  E.,  Vol.  4,  p.  160, 


i 
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between  the  magnetic  field  and  the  coils  which, 
they  come  into  the  active  position,  are  short-circuited 
by  the  brush  connections.  Such  a  motor  is  bulky,  in- 
efficient,  and  expensive,  since  only  a  portion  of  the 
armature  can  be  made  continuously  effective;  but  if  a 
uniformly  wound  short-circuited  armature  (such  as  is 
used  for  polyphase  induction  motors)  is  started  to  re- 
volving in  a  single-phase  :  nating  magnetic  field,  the 
balance  of  repulsions  whicn  exists  when  the  armature  is 
at  rest  is  disturbec'  ■mature  tends  to  continue 

its  motion.     To  the  condition  of  two  coils 

in  complementary  p  th  reference  to  one  of  the 

poles  may  be  consiu u.     as  the  armature  revolves, 

one  coil  moves  toward  a  position  where  it  includes  more 
lines  of  force  from  the  pole,  and  the  other  coil  moves  so 
as  to  exclude  lines  of  force.  If  the  strength  of  pole  is 
rising,  the  first  coil  will  have  the  larger  current  induced 
in  it,  since  the  rate  of  change  of  lines  of  force  through 
the  first  coil  is  equal  to  the  sum  of  the  rate  of  change 
in  the  strength  of  field  and  the  rate  at  which  the  coil 
moves  through  the  field,  while  the  rate  of  change  of 
lines  of  force  through  the  second  coil  is  the  differeiiK 
of  these  two  rates.  Thanks  to  the  lag  in  the  coil  cir- 
cuits, the  currents  in  both  coils  are  in  such  a  direction 
as  to  residt  in  an  attractive  force  on  the  poles,  but  a 
much  stronger  force  is  experienced  by  the  first  coil 
than  the  second.  When  the  field  is  falling,  the  mW- 
netic  condition  of  the  second  coil  is  changing  mosi 
rapidly,  but  the  direction  of  the  induced  currents  in 
the  coils  is  reversed  with  respect  to  the  direction  of  'hf 
t]ds,  and  the  coils  experience  a  repulsive  force  willi 
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reference  to  the  pole.  The  effect  during  one  complete 
period  of  the  magnetism  therefore  tends  to  cause  the 
armature  to  rotate  in  the  same  direction  in  which  it  was 
started.  The  torque  is  a  maximum  when  the  positive 
product  of  current  and  magnetism  is  a  maximum,  which 
is  when  the  current  lags  behind  the  induced  pressure 
by  an  angle  between  45°  and  90°.  The  torque  at  any 
speed  (slip,  v  =•  V  —  V)  is  equal  to  the  torque  which 
would  be  given  by  a  polyphase  induction  motor  of 
similar  construction  at  that  speed,  minus  the  torque 
which  the  polyphase  induction  motor  would  give  in 
a  field  of  double  the  frequency,  and  with  a  slip  equal  to 
V-h  V  =  2  V—  V]  but  with  the  ordinary  ratio  of  the 
resistance  and  inductance  in  the  armature  winding,  the 
torque  due  to  the  latter  slip  is  negligible  at  such  full-load 
slips  as  are  satisfactory  in  practice.  In  this  case,  V 
need  not  be  looked  upon  as  a  speed  of  rotation  of  a 
magnetic  field,  but  as  the  speed  of  the  armature  which 
keeps  each  conductor  at  the  same  position  with  refer- 
ence to  a  pole  for  any  fixed  instant  in  the  period  of  the 

magnetism.     Hence   1^=  —  - ,  exactly  as  in  rotary-field 

machines.  When  the  armature  is  stationary,  7'  =  F, 
and  the  two  torques  are  equal  and  opposite.  A  single- 
phase  induction  motor  may  therefore  be  designed  in 
exactly  the  same  manner  as  a  polyphaser  in  respect  to 
its  operation  after  it  has  reached  its  normal  speed,  but 
it  requires  special  treatment  in  the  design  for  the 
purpose  of  making  it  self-starting. 

180.   Resolution  of  Alternating  Field.  —  The   single- 
phase  alternating  field   may  be  treated   in  a  different 
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manner  to  get  exactly  the  same  rcsok. 
Aeld  ftatiunary  in  position  nuLy  be  1 
rotary  Iie1d>i,  rcvotving  in  opposite  * 
the  same  frequency  as  the  stattonaiy  AeU.  aad  <f  oor- 
half  its  magnitude  or  titrcngth.*  This  is  cnc^ 
llmlUr  to  the  principle  of  tnccKanics  by  which  a  soific 
harmonic  motion  may  be  resolved  into  two  aaJfon 
oppoalte  circular  motions  of   one-half  the   amqifiMde.   ] 

.  Jtol 


T,'f 


Fier.  384 

The  tortjuu  dia;;raiivi  of  i-ach  of  these  fields  acting  alone 
are  shown  in  Viyi.  204,  where  0  is  the  point  of  armatuK 
rest,  ami  armature  speed  is  counted  from  that  poii" 
aloiifj  the  horizontal  axis.  The  curves  A  and  A'  are 
the  torque  curves  that  would  be  given  by  either  fi^l^ 
acting  alone,  the  torque  due  to  one  being  in  one  dir«- 

•  Kcrrarht,  A   MeihuU  for  the  Ttealmept  of  Kutating  ot  AIlen»li« 
'ecton,  LonJuii  Eitttriiian,  Vul.  33,  p.  I  to. 
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tion,  and  that  of  the  other  in  the  opposite  direction.  It 
is  evident  that  when  the  armature  is  at  rest  it  has  no 
tendency  to  revolve,  as  the  slip  of  the  armature  with  re- 
spect to  the  two  fields  is  equal,  and  torques  Ot  and  0/ 
created  by  the  two  fields  are  equal  and  opposite ;  but  if 
the  armature  is  started  in  one  direction,  for  instance 
toward  the  right,  the  slip  with  respect  to  field  A  decreases, 
the  torque  caused  by  it  increases  and  tends  to  continue 
the  rotation,  while  the  slip  with  respect  to  field  A  in- 
creases, and  the  torque  caused  by  A^  decreases.  When 
the  armature  speed  becomes  V\  the  torque  caused  by 
A  is  Ty  which  is  due  to  a  slip  V—  V^  —  v\  while  the 
torque  caused  by  ^'  is  T\  which  is  due  to  a  slip  in 
relative  speed  between  armature  and  field  of 

F-f  F'  =  2  V-  V. 

From  the  relations  of  torque  to  slip,  which  have  already 
been  discussed  (Sects.  167  and  168),  it  is  evident  that 
the  torque  caused  by  A'  decreases  as  the  relative  speed 
increases  above  K  If  the  differences  between  the 
corresponding  ordinates  of  the  curves  of  torque  due  to 
A  and  A^  are  plotted  in  a  curve,  the  actual  torque 
curve,  A/,  is  given.  The  ordinates  of  this  will  give  the 
actual  motor  torque  with  respect  to  slip.  From  this 
curve  it  is  seen  that  the  motor  will  work  at  no  load  at 
an  almost  synchronous  speed,  and  may  then  be  loaded 
until  the  speed  has  dropped  to  a  point  where  the  torque 
is  at  a  maximum.  If  the  load  exceeds  this,  the  motor 
will  stop. 

If  the  armature  should  be   started  toward   the  left, 
instead  of  the  right  as  here  assumed,  the  conditions 
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would  be  reversed  and  the  motor  would  uporatc  under 
the  torque  line  Af.  The  ratio  -„  should  be  large  in  a 
single-phase  motor,  in  order  that  the  curve  A'  may 
be  close  to  the  X  axis  at  ordinary  running  speeds,  but 
the  ordinary  values  of  resistance  and  inductance  which 
arc  required  L.  "  ""  — 
the  effect  of  A' 
that  the  action  „.  .. 

181.   Form  i 

From    these 
phase   motor  je 

manner  as  a  poiypnaser, 


-  1  economical  design  malte 
speed  of  normal  full  load 
be  considered, 
lase  Induction  Motors  — 
;  is  seen  that  a  single- 
ed  in  exactly  the  same 
.  that  for  equal  output  the 
resultant  ampere-turns  upon  the  field  must  bo  ccjual  to 
the  number  on  a  polyphase  motor."  The  field  wind- 
ing may  be  arranged,  as  in  polyphase  motors,  cover- 
ing the  entire  polar  surface,  as  is  shown  in  Fig.  295, 
for  a  four-pole  machine;  but  the  differential  action 
in  this  case  reduces  the  effectiveness  of  the  winding  in 
the  proportion  of  i :  — ,  as  has  already  been  shown  in 
Section  172.  Consequently,  the  equation  from  which 
the  field  windings  are  determined  becomes 


E'=  K 


.V2 


V2  Tttt'  Nf     2  -Jin'Nf 

T6«      "      W~' 

The  value  of  K  may  be  increased,  and  material  saved, 
by  leaving   space   between    the  coils   as   in   Fig-  ^ 
which  shows  the  windings  for  a  two-pole  field. 
Not  only  may  the  armatures  of   single-phase  indue- 

•  Kollicn,  Design   of   Alter natine-Current  Motors,  Eiirtrittl  '*'''*' 
'ol.  Zl,  p,  184;    linden  Eltclrician,  Vul.  31,  p.  J90. 
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)n  motors  be  designed  in  exactly  the  same  way  as  are 
ose  of  polyphasers,  but  an  armature  whicli  gives  the 


HIIIIIIIIHII 


Mwm 


:st  results  when  running  in  a  polyphase  field  is  likely 
be  best  for  a  single-phase  machine,  other  things  being 
[ual. 


Pig.  286 


The  efficiency  of  single-phasers  should  be  slightly 
is  than  that  of  polyphasers,  since  the  armature-core 
ises  are  proportional  to  the  frequency  of  the  main 
Id  instead  of  to  the  slip ;  their  slip  for  a  given  load 
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•nd  Bimilar  rlcsign  is  slightly  greater. : 
torque  U  Rli^htty  \cs%  than  that  at 
■hottti  by  Fig.  294 ;  but  these  differences 
Diochinex  fthouM  not  be  great     Tbe  w^jK  ef 
phabcr*  in  larger  than  that  of  ct^ual  poiyphxseis,  1 
the  valiii:  i>f  fC  in  smallcr- 

U2.  Starting  Single-Phf  nduction  Motnn.  —  Smn 
■ingJc-phaMi:  induction  motors  arc  notfcr^r  9£l/-startiii(, 
■pecial  RtLirting  devices  must  be  inciudcd  in  Ibe  Ati^ 
tnd  conMniction.  As  a  rule  lis  takes  the  form  ol  vbt 
!•  callcrl  a  Phase  Splitter.  '1  uc  Acid  is  wound  with  tn 
colli  slniil.Li-  III  Uic  windings  of  a  twit-phaser,  and  n 
ittarting  these  arc  connected  in  parallel  to  tbe  drcnit; 
<inc  directly,  and  the  other  through  a  dead  resistance  w 
capacity.  This  throws  the  current  in  the  two  coils  ioto 
a  (Uffcrencc  of  phase,  which  may  be  accentuated  by 
winding  one  eoil  so  that  it  has  greater  self-inductance 
than  the  other;  and  the  machine  then  starts  as  a  two- 
phascr.  After  the  machine  is  running,  the  coils  are 
eonnectud  directly  to  the  circuit,  or  one  coil  is  cut  out, 
luid  the  motor  openitcs  as  a  single-phaser.  The  opera- 
tion i>r  "|iha.sc  splitting,"  as  applicable  to  such  motors, 
eannot  give  a  large  difference  of  phase  between  the  cur- 
rciilH  in  the  two  motor  circuits  with  a  reasonably  larp 
]iiiwor  factor,  and  consequently  single-phase  induction 
niiiliirs  must  have  either  a  very  small  starting  torque 
or  ;in  unreasonably  small  power  factor  at  starting. 

183.  Efficiency  of  Induction  Motors  and  Methods  fi 

"ting   Tests.  —  Polyphase   induction   motors  can  be 

with   alwut    the    same   efficiency   as   continuous- 

nt  motors,  and  with  somewhat  less  cost  on  account 
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3f  the  absence  of  a  commutator  and  the  low  insulation 
required  on  the  armature  conductors,  but  with  a  counter- 
balancing extra  cost  on  account  of  the  high  grade  and 
expensive  sheet  iron  stampings  which  are  required  for 
the  field. 

1.  Direct  Measurement.  In  testing  the  efficiency  of 
these  motors,  the  output  may  be  measured  by  a  brake 
or  transmission  dynamometer,  as  is  explained  for  testing 
continuous-current  motors  in  Vol.  I.,  p.  255,  but  the 
input  must  be  measured  by  one  of  the  wattmeter 
methods  of  Section  44.  The  two-wattmeter  method  is 
the  best,  but  care  must  be  taken  to  determine  whether 
the  readings  are  additive  or  subtractive,  since  the  power 
factor  of  a  partially  loaded  induction  motor  is  likely  to 
be  quite  low  and  at  no  load  may  be  only  a  few  per  cent. 
The  power  factor  is  determined  by  taking  simultaneous 
readings  of  amperemeter,  voltmeter,  and  wattmeter  in 
Dne  circuit,  if  the  machine  is  balanced;  but  if  the  cir- 
cuits differ,  readings  for  each  circuit  must  be  taken. 
The  power  factor  is  then  the  true  watts  divided  by  the 
apparent  watts.  This  method  requires  that  the  motor 
shall  be  operated  with  its  full  load,  and  therefore  may 
prove  inconvenient,  and  it  does  not  give  any  way  of 
separating  the  losses. 

2.  Stray  Power  Method,  A  method  similar  to  that 
described  for  testing  transformers  (Sect.  125,  Sa)  is 
often  more  convenient  and  satisfactory.  By  this  plan 
the  core  losses  and  friction  losses  are  determined  by 
tneasuring  by  wattmeter  the  power  which  is  absorbed 
by  the  motor  when  running  light  under  normal  pressure 
^nd  frequency.     As  the  power  factor  under  such  condi- 
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tions  is  likely  to  be  very  small,  the  field  current  flowing 
is  considerable  and  the  C^R  loss  cannot  be  neglected, 
but  a  correction  can  be  made  after  the  test  for  copper 
losses  is  completed.  To  measure  the  copper  losses,  the 
machine  is  locked  so  as  to  remain  stationary',  in  which 
case  the  armature  serves  the  purpose  of  a  short-circuited 
secondary,  and  such  a  reduced  impressed  pressure  is 
applied  as  to  cause  any  desired  current  to  flow  in  the 
fields.  The  wattmeter  readings  give  the  C^Ji  losses  for 
the  current  flowing,  and  the  losses  for  any  other  currerl 
"may  be  at  once  calculated.  A  small  core  loss  is  included 
in  this  measurement,  but  should  commonly  be  ncgligibie; 
an  approximate  correction  may  be  nioUv  on  account  of 
it,  when  necessary,  by  considering  its  ratio  to  the  total 
corrected  core  losses  as  the  1.6  power  of  the  pressure 
applied  in  the  copper  loss  test  is  to  the  1.6  power  of  the 
normal  pressure.  From  these  results  the  total  losses 
and  the  efficiency  at  any  load  may  be  calculated. 

A  motor  running,  without  load,  or  with  part  load,  on 
an  unbalanced  circuit,  is  likely  to  absorb  widely  different 
amounts  of  power  in  its  coils ;  one  coil  may  even  return 
power  to  the  circuit,  while  the  others  absorb  the  power 
required  for  operation  plus  that  returned.  In  all  such 
cases,  the  two-wattmeter  method  of  measuring  the 
power  gives  the  net  power  absorbed  by  the  maehine. 

3.  Power  Factor.  The  power  factor  at  any  load  may 
also  be  calculated  from  the  results  of  the  two  loss  lesU- 
Thus,  from  the  power  factor  of  the  machine  running 
light,  which  is  determined  in  the  core-loss  tests,  is  read- 
ily deduced  the  wattless  magnetizing  current,  since  the 
power  factor  is  equal  to  cos  <ft'  and  the  magnetizing  cur- 
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rent  per  coil,  C/,  is  equal  to  C(  sin  ^',  where  C(  is  the 
current  per  coil  as  shown  by  the  amperemeter.  The 
field  current  at  any  load  is  equal  to  the  resultant  of 
the  active  current  corresponding  to  that  load  and  the 
wattless  current,  or 

where  C  is  the  field  current  per  coil,  E  is  the  normal 
pressure  per  coil,  W  is  the  total  output,  L  is  the  total 
losses,  m  is  the  number  of  phases,  and  C/  the  wattless 
magnetizing  current  per  coil.     The  power  factor  at  any 

load  is  ^^^  . ,       W^L 

cos  Q>    = 

4.  Regulation  and  Torque.  —  All  desired  information 
in  regard  to  the  operation  of  induction  motors  (except 
regulation  and  starting  torque)  may  therefore  be  deter- 
mined by  purely  electrical  measurements,  and  to  a  high 
degree  of  accuracy.  Using  commercial  amperemeters, 
voltmeters,  and  wattmeters  which  have  been  properly 
calibrated,  the  errors  probably  affecting  the  full-load  effi- 
ciency and  power  factor  need  not  exceed  one  per  cent. 
The  exact  regulation  of  a  machine  can  be  determined 
only  by  actual  running  tests  under  load,  in  which  the 
actual  slip  is  measured,  but  the  percentage  slip  may  be 
taken  to  be  approximately  equal  to  the  percentage  drop 
of  pressure  in  the  windings.  The  starting  torque  can 
be  measured  by  clamping  a  lever  upon  the  pulley,  and 
nieasuring  the  pull  at  the  end  of  a  fixed  length  of  arm. 
For  machines  having  an  improperly  divided  starting  re- 
sistance in   the  armature,  this  gives  a  value  which  is 
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higher  than  the  torque  against  which  the  motor  will  start 
and  run  up  to  speed.  In  such  machines,  the  standing 
torque  and  startittg  torque  are  different,  but  in  machines 
having  a  properly  arranged  starting  resistance  in  the 
armature,  the  standing  torque  and  starting  torque  are 
equal,  and  are  practically  equal  to  the  maximum  torque 
which  the  machine  can  exert. 

The  following  table  gives  the  efficiency,  power  factors, 
and  other  characteristics  of  a  number  of  European  poly- 
phase motors.* 


Designation    .     . 
Capacity  —  H.P  . 
Field  speed      .     . 
Speed  at  full  load 
Number  of  phases 
Frequency  .     .     . 
Pressure      .     .     . 
No-Iuad  current    . 
FulMoarl  current . 
Full-load  efficiency 
Power  factor  at  full  load 
Number  of  poles  . 
Slip  at  full  load    . 


o 

} 

1500 

1435 

3 

50 
190 

2.2 

3-3 
68 

•75 
4 

4.3 


1 

2 
1500 

1445 

3 

50 
190 

3.6 

7-5 

75 
.80 

4 
3-7 


2 

6 

1000 

960 

3 

50 
190 

12 

20.5 

82 

.80 

6 

4 


3 

24 

1000 

970 

3    I 

50   i 
190   ' 

25    ■' 

91 
.85     j 

6 


4 

60 

* 

190 

48 
160 

93 

.90 
S 


Designation     .     . 
Capacity  —  II.P  . 
Field  speed 
S])ced  at  full  load 
Number  of  phases 
Frofjuency  . 
Pressure      .     . 
No-load  current   . 
Full-load  current  . 
Full-load  efficiency 
Power  factor  at  full  load 
Number  of  ]>olcs  . 
Slip  at  full  l(»ad    . 


5 

6 

7 

8 

100 

125 

I 

5 

600 

500 

1500 

1500 

588 

488 

»375 

>395 

3 

3 

3 

3 

50 

50 

50 

50 

190 

190 

100 

100 

75 

90 

4.5 

»5 

265 

ZZ^ 

8 

36 

93 

94 

75 

84 

•91 

.91 

.70 

•70 

10 

12 

4 

4 

2 

2.4 

8 

7 

50 
725 

J 

50 

100 

150 

2S0 

91 
.82 

S 


♦    Thomj^son's  Polyphase  Electric  Currents^  p.  203;    Rodet  et  Busqn^^ 
Couranls  PolyphaseSf  p.  89. 
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Figure  297  gives  the  curves  of  efficiency,  power 
factor,  and  current  of  an  Ocrlikon  loo  H.l'.  tbnre-piusc 
mulor  of  eighteen  poles,  working  under  a  pressure  of 
1730  volts  at  a.  frequency  of  50  and  a  speed  of  320  rcvo- 
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lutions  per  minute.  Figure  298  a,  b,  c  gives  s\mis 
curves  for  a  3  H.P.  three-phase  Oerlikon  motor  runnini; 
at  a  frequency  of  50  and  a  speed  of  1500.  A  Tesli 
50  It.l'.  two-phaso  motiir  running  at  a  frequency  ol 
25  and  a  speed  of  750  revolutions  per  minute  gives  an 
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efficiency  of  8g  per  cent  and  a  slip  of  2  per  cent  at  fuH 
load  and  a  maximum  efficiency  of  91  per  cent  at  about 
three-fourths  load.     Figure  302  gives  thi;  curves  of  efili- 
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ciency  of  a  single-phase  2  H.P.  motor,  running  at  fre- 
quencies of  42  and  50.  Figures  299(1  and  299*  gi" 
the  curves  of  efficiency,  current  per  phase,  appan^u^ 
watts,  true  watts,  and  regulation  for  a  3  H.P.  Bruwn 
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two-phase  motor,  running  at  a  frequency  of  40  and  a 
speed  of  1200  when  operated  on  two  phases  and  when 
operated  on  one  phase." 

In  Fig.  300,  curve  A  shows  the  relation  between  cur- 
rent and  starting  torque  of  a  three-phase  motor  when  a 
proper  resistance  is  introduced  into  the  armature  circuit. 
Curve  B  shows  the  same  for  the  motor  without  external 
armature  resistance ;   this  would  give  the  relations  ob- 


„  — ^- — __^L-^ 

110 ~/~y — —  — 

\^  —y —  -/^ 


Plff.  300 

taining  if  the  resistance  were  placed  in  the  field  circuit. 
Curve  C  gives  the  same  relations  for  a  15  H.P.  motor, 
which  has  a  full-load  torque  of  52.5  lbs. 

184.  Weight  Efficiency.  —  The  following  table  gives 
the  weights  per  horse-power  of  three  types  of  American 
induction  motors. 


'  BoBcberat,  Buli.  Set.  Inltr.  dti  tUctrUum,  Vol.  II.,  p. 
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3666 
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3000 

180 

iSoo 

.67 

_ 

■ 

2000 

164 

I30O 

140 
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iSa 

1 

7J 
>5 

1600 
1600 

125 

1200 

160 

900 

*5 

80 

20 

1333 

i°S 

WOO 

75 

900 

loo 

30 

'333 

<n 

1200 

67 

900 

Si 

40 

»333 

go 

ISOO 

62 

— 

— 

50 

■333 

S4 

900 

S4 

730 

"" 

Speeds  given  are  field  speeds  or  "  theoretical  speeds," 
and  the  full-load  speeds  are  less  by  from  2  to  10  per 
cent.  Frequencies  to  which  type  number  i  is  adapted 
are  133  and  66§.  The  other  types  are  adapted  to  a 
frequency  of  60. 

S.  P.  Thompson  gives  the  following  data  as  repre- 
senting European  induction  motors.* 
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Figure   301    gives   the   averages   for   the   American 
motors  in  the  form  of  a  curve  {A),  with  the  addition  of 

*  Thompion'i  Potyphast  Ehetric  Currtnis,  p.  3og. 
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jrve  {B)  for  continuous-current  machines  repro- 
from  the  equations  on  page  263  of  Vol.  I.  This 
that  the  alternating-current  machines  arc  the 
r  in  the  larger  sizes,  on  account  of  their  higher 
^,  but  for  equal  speeds  the  two  classes  of  machines 
ry  near  an  equality  in  respect  to  weight  efficiency. 


"  '"   'T            --        - 

^i>,i^i_p:__:-^-k  Jijj-  rtt  -  it  -  -  ltd,  ri_ 

|--  .         1  -       ];,-!     ^Sr        -  -         .  -|   -    - 

Pier.  301 

.  Effect  of  Frequency.*  An  examination  of  the 
las  relating  to  the  design  of  induction  motors 
.  that  the  frequency  of  the  current  for  which  a 
nc  is  designed  docs  not  affect  its  efficiency,  slip, 
■  factor,  or  starting  torque,  but  that  for  a  given 
the  number  of  poles  must  be  directly  as  the  fre- 
y.     Increasing  the  number  of   po!es  of   a  given 

;inniet»,  Tram.  Amer.  Inst.  E.  A'..  Vol.  11,  p.  47 ;  Stanley,  Effect 
Beney  in  Induction  Molocs,  EUitriral Engintir,  Vol.  17,  p.  izj. 
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mnchinc  reduces  the  crosfr4cct»m  oC  ocfa  pole;  bat  the 

number  uf  lines  at  force  U  each  pole  »  a^aaOj  rt::thKed 
■o  ttmt  the  mai^nctizing  current  is  amtecjcd.  Caoaa- 
qiicntiy,  induction  motors  of  cqiul  mail  may  be 
dcitigncd  tor  all  reasonable  frequencies,  though  mag- 
netic leakage  may  Jnterfere  with  the  opcratioa  when  the 
pok-H  become  too  numerous  (compare  TransfonnciSy 
Sect  121), 


1,. 

so 

^ 

.oSS£ 

-->■ 

-^ 

On  the  other  hand,  when  a  machine  which  has 
been  dosiyned  for  a  certain  frequency  is  operated  al 
another  frequency,  the  speed  is  changed  in  direct 
proportion  to  the  frequency,  its  percentage  slip  i* 
practically  unaltered,  the  starting  torque  varies  in- 
versely with  the  frequency,  and  the  efficiency  an<l 
power  fiicliir  both  vary  directly  with  the  frcquenty 
;causc  the  magnetic  density  is  inversely  as  th^  f"" 
CQcy,   as   in    transformers.     Figure   302   shows  the 
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curves  of  efficiency  of  an  Oorlikon  single-phase  induc- 
tion motor  for  two  frequencies ;  •  and  Figs.  303  and  304 
give  the  curves  of  efficiency  and  |)ower  factor  for  a  50- 
frcqucncy  Allgemeine  three-phase  motor  when  operated 
on  four  different  frequencies,  f 

The  frequencies  which  are  commonly  used  with  in- 
duction motors  cover  a  wide  range.      In   Europe,  50 
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seems  to  be  quite  universally  adopted  for  three-phase 
and  single-phase  motors;  while  in  this  country  the 
General  Electric  Company  prefers  60,  which  is  equally 
suitable  for  lighting  and  power  purposes.  The  Wcst- 
inghouse  Company  has  built  two-phase  machines  for 


•  Kolbcn.  Dcsicn  of  ,\  Iter  rating-Cut 

fixt    Moli.re.   l-:Uilriial    iV«rtd, 

1.  K,  p.  284;   and  Lamlof,  EUitritian. 

Vol.  ii.  r  I'y^- 

t  Jackson,  Tests  of  3.  rolypbaic  Mut 

t,   ElclrUal  Journal,   Vol.    1, 
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60  frequency,  but  appears  to  prefer  about  25,  which  is 
that  adopted  at  Niagara  Falls,  for  plants  where  power 
service  is  of  greater  importance  than  the  lighting  ser- 
vice. The  Stanley  Company,  on  the  other  hand,  pre- 
fers a  frequency  of  133  for  its  two-phasers,  though  it 
also  builds  standard  machines  for  a  frequency  of  66|, 
both   of   which   are   excellent   frequencies   for  lighting 


'•"'"j""°lX.iTnTi::: 
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circuits.  The  Fort  Wayne  Electric  Corporation  and 
the  Kmcrson  Electric  Company  build  self-starting  syn- 
chronous singlc-phasers  for  frequencies  of  60,  125,  and 
'33- 

186.  Other  Forms  of  Induction  Motors-  —  The  effef:s 
of  a  rotary  field,  electromagnetic  rc[uilsi(in,  or  ma^nt'i^ 
screening  may  be  utilised  iii  aii  almost  indefinite  num- 
ber of  ways,  of  which  only  a  few  will  be  indicated  hcrt- 
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I .  Motor  of  Stanley  Electric  Manufacturing  Company* 
This  is  a  two-phase  machine  which  may  be  classified 
either  as  a  rotary-field   motor,  or  as  a  sort  of   double 
single-phaser ;  and  its  design  may  be  worked  out  upon 
either  hypothesis,  though  it  should  properly  be  worked 
out  upon  the  rotary-field  basis.     It  consists  essentially 
of  two  fields  set  side  by  side.     The  field  windings  are 
placed  upon  salient  poles,  and  respectively  connected 
to  the  two  circuits  of  a  two-phase  supply  system,  and 
corresponding  to  the  two  fields  are  two  armature  cores 
on  the  same  shaft,  which  carry  a  single  set  of  short- 
circuited  armature  coils.     The  two  fields  have  an  equal 
number  of  poles,  but  they  are  set  with  the  angular  posi- 
tion of  the  poles  ninety  electrical  degrees  apart,  while 
the  armature  conductors  are  laid  in  slots  straight  across 
both  armature  cores.     A  diagrammatic  development  of 
a   six-pole  machine  which  shows  the  arrangement  very 
plainly  is  given  in  Fig.  305.     A  view  of  an  armature 
IS  shown  in  Fig.  306.     The  operation  of  the  machine  is 
easily  understood  by  referring  to  Fig.  305.     When  the 
s^rrnature  is  stationary  in  the  position  shown,  current  is 
induced  in  the  a  armature  windings  by  the  lower  crown 
^f  poles  belonging  to  the  A  field.     The  conductors  of 
^he  a  coil  lie  directly  under  the  upper  or  B  field,  and 
^  torque  tending  to  move  the  coil  is  developed,  which, 
^t   any  instant,  is  proportional  to  the  product  of  the 
^stantaneous  strength  of  the  B  field  and  the  current 
Educed  in  the  coil  by  the  A  field.     At  the  same  time, 
^he  B  field  induces  a  current  in  the  b  coil,  which  causes 


•  Electrical   Worlds  Vol.  21,  p.   326;    Electrical  Engineer^  Vol.  17, 
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a  torque  with  the  A  field.    The  motor  is  theref<He  self- 
starting.    After  the  machine  has  rotated  through  an 


angle  corresponding  to  one-fourth  the  polar  pitch  both 
coils  arc  inductively  ai,tcd  upon  t  an  equal  ticknt  b 
both  poles,  and  opj  os  t     torqiiLS  aru  produced  by  '^ 


two   fields.      A    further   rotation    pl.-iccs   the  h  coil  in   , 
inductive  relation  with  the  A  field,  and  the  a  coil  «!•'' 
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the  B  field,  and  the  torque  again  becomes  positive.  It 
is  possible,  with  such  a  winding,  to  have  dead  points, 
though  they  may  be  avoided  by  a  proper  disposition  of 
the  armature  winding.  The  Stanley  motors  are  usually 
equipped  with  a  well-proportioned  external  starting  re- 
sistance which  is  introduced  into  the  armature  circuit  by 
means  of  collector  rings,  and  the  motors  have  a  fairly 
large  starting  torque.  A  set  of  short-circuited  windings, 
tn  m  fn,  is  placed  in  the  pole  faces  to  decrease  the 
apparent  self-inductance  of  the  armature  windings, 
and  condensers  are  used  in  parallel  with  the  field 
circuits  to  supply  the  wattless  magnetizing  current,  and 
thus  increase  the  power  factor. 

Capacity  of  Condenser  required  to  supply  Wattless  Cur- 
rent. As  the  current  of  a  condenser  is  equal  to  2  irfsE^ 
a  high  frequency  and  a  high  pressure  both  serve  to 
reduce  the  capacity  of  a  condenser  which  is  required 
to  give  any  desired  current,  and  in  order  that  the  con- 
densers which  are  required  for  the  Stanley  Company's 
motors  may  be  of  reasonable  capacity,  the  motors  are 
designed  for  5CXD  volts  pressure,  and  the  use  of  high 
frequencies  is  recommended  by  the  company.  In  illus- 
tration of  this,  supposing  that  a  500  volt  motor  for  120 
frequency  requires  20  microfarads  to  exactly  supply  its 
wattless  current,  an  exactly  similar  machine  designed 
for  a  frequency  of  60  would  require  from  40  to  50 
microfarads,  while  if  the  pressure  is  also  reduced  to 
250  volts  the  capacity  required  is  increased  to  from  160 
to  250  microfarads.  Figure  307  shows  the  regulation, 
power  factor,  and  efficiency  as  a  function  of  load  for  a 
2  H.P.  Stanley  motor,  and  Fig.  308  shows  the  same  for 
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a  6  H.P.  machine.  Thi;  armature  core  losses  in  Stanley 
machines  are  similar  to  those  of  single-phascrs,  and  an;, 
therefore,  greater  than  those  of  plain  rotary-fifid  nw- 
chines.  A  properly  built  machine  of  this  type  gives  a 
true  rotary  licld  in  its  effect  on  the  armature  windings, 


as  was  eariy  pointed  out  by  Sahulka,*  but  the  effect  on 
the  armature  core  losses  is  similar  to  that  found  in  » 
single-phase  machine.  The  number  of  pairs  of  polo 
in  the  rotating  field  is  equal  to  the  number  of  salien' 
poles  on  one  ring. 

2.    Shallenberger  Meter.      The  running  parts  of  the 

1/  mofiuHtrktm  Drif^- 


•  Sktialka'i  UOtr  WtthiihtrBM-Mttartm  t 
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lectrical  meter  manufactured  by  the  Westinghouse 
"ompany  consist  essentially  of  a  single-phase  induction 
lotor.  The  armature  consists  of  an  iron  disc,  across 
nc  diameter  of  which  is  wound  a  stationary  coil  that 
arries  the  main  current.  A  short-circuited  coil,  consist- 
ig  of  heavy  copper  strips,  lies  within  and  at  a  slight 
ngle  with  the  main  coil,  and  the  lagging  induced  cur- 
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Fig.  308 


:nt  in  this  coil  sets  up  a  magnetic  field  which  joins 
ith  the  magnetism  of  the  main  coil  to  set  up  an  irrcg- 
larly  rotating  field  with  a  frequency  equal  to  that  of 
ic  main  current.  This  cau.ses  the  iron  armature  to 
>tatc.  The  strength  of  the  resultant  field  and  the 
>rquc  on  the  armature  are  proportional  to  the  main  cur- 
'nt.  A  proper  retarding  force  i.s  used  to  cause  the 
^mature  to  rotate  at  a  speed  directly  proportional  to 
le  main  current  as  long  as  the  frequency  is  constant. 
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The  speed  of  the  armature  depends  on  the  frequency 
of  the  main  current. 

3.  Schceffvr  Meter.  The  running  parts  of  a  recoid- 
ing  wattmeter,  manufactured  by  the  Diamond  Electric 
Company,  consist  of  a  split-phase  induction  motor. 
The  armature  is  an  iron  cylinder,  which  is  embraced 
by  a  three-legged  magnet  made  of  iron  stampings* 
upon  one  leg  of  which  is  wound  a  coil  carrying  the 
main  current,  and  upon  another  leg  is  wound  a  shunt 
or  pressure  coil.  The  magnetism  set  up  by  these  two 
coils,  in  which  the  current  has  different  phases,  sets  up 
an  irregular  rotary  field,  the  strength  of  which  depends 
upon  the  product  of  the  main  current  and  pressure,  by 
means  of  which  the  armature  is  driven.  By  a  proper 
retarding  force  the  armature  may  be  caused  to  run  at 
a  speed  which  is  directly  proportional  to  the  watts  in 
the  circuit.  It  is  possible  to  adjust  the  magnetic  den- 
sity in  the  cores,  by  adjusting  the  resistance  of  the  shunt 
coil,  so  that  the  speed  of  the  armature  is  practically  in- 
dependent of  the  frequency  within  the  ordinary  com- 
mercial limits. 

4.  Fcrranti  Meter,  The  armature  in  this  is  an  iron 
disc  which  is  embraced  by  two  elongated  pole  pieces, 
and  these  are  surrounded  at  equal  intervals  by  short-cir- 
cuited copper  bands.  The  bands  exert  what  may  be 
called  a  shielding  effect  on  the  magnetism,  and  cause 
magnetic  poles  to  apparently  creep  along  the  pole- 
pieces.  These  cause  the  revolution  of  the  armature. 
The  speed  of  the  poles  and  the  armature  torque  depend 
upon  the  strength  of  the  magnetism  set  up  in  the  main 
coil. 
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Thomson's   recording  wattmeter  consists  of  a  small 

)tor  with  a  Gramme  armature,  and  without   iron   in 

Ids  or  armature  cores,  so  that  it  works  equally  well 

alternating   or   continuous   currents.     It  is  not  an 

luction  motor,  but  seems  to  require  notice  amongst 

2  other  meters  already  described.     It  is  well  known 

at  a  small  series  motor,  with  either  Gramme  or  Sie- 

^ns  armature,  will  run  on  alternating  circuits  exactly 

it  runs  on  continuous-current  circuits,  but  its  power 

:tor  is  so  minute  as  to  preclude  its  commercial  value. 

the  Thomson  meter,  the  main  current  passes  through 

e  field  coils,  and  the  armature  is  connected  directly 

ross  the  leads  through  a  large  non-inductive  resist- 

ce. 

The  only  other  type  of   induction   motor  to  which 

mtion  can  be  given  is  that  developed  by  Mr.  C.  P. 

inmetz,  together  with  a  special  arrangement  of  alter- 

)T  windings  and  transmission  lines  which  is  called 

Monocyclic  System. 

7.    Monocyclic  System.*  —  A  diagram  of  a  "mono- 

: "  alternator  armature  is  shown  in  Fig.  309,  and 

ame   is   developed   in    Fig.  310^.     The  winding 

is  alternator  consists  of  an  ordinary  coil  winding 

ts   or   grooves,   which  may  be   called   the   main 

g  or  coil,  and  an  auxiliary  or  "teaser**  winding 

in   smaller   slots   half-way   between    the    main 

The  electrical  pressure  developed  in  the  auxil- 

iding  has,  on   account   of   the   position  of  the 

ohasc  difference  of   ninety  degrees   from  that 

d    in    the    main    winding,    exactly    as    would 

♦  Electrical  Worlds  Vol.  25,  pp.  182  and  302. 
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be  the  case  in  a  two-phase  alternator,  but  one  end 
of  the  auxiliary  coil  is  connected  to  the  middle  of 
the  main  coiL    The  free  end  of  the  auxiliary  C(h1  and 


Plff.  309 
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the  ends  of  the  main  coil  are  connected  to  separate 

collector  rings.     If  the  number  of  turns  in  the  auxiliary 

coil  bore  the  relation  to  the  number  in  the  main  coil  of 

VT 

— -:  I,  the  pressure   measured   between    the   collector 

rings  taken  in  pairs  would  be  equal  for  each  pair,  and 


\r^ 


the  machine  would  be  a  balanced  three-phase  generator 
giving  three  equal  pressures  at  1 20°  difference  of  ph** 
'Fig.  310^).     But  in  the  monocyclic  generator  tbeauJ- 
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iliary  coil  has  only  one-fourth  as  many  turns  as  the  main 
coil,  and  therefore  the  three  phases  developed  by  the 
machine  are  not  120°  apart,  but  have  the  angular  rela- 
tions shown  in  Fig.  3ior,  in  which  AB  is  the  pressure 
measured  between  the  main  terminals,  ^Cand  BC  press- 
ures measured  between  the  auxiliary  terminal  and  the 
main  terminals,  and  CD  the  pressure  developed  in  the 
auxiliary  coil.  The  angle  A  CD  is  nearly  60°  and  ^C  is 
nearly  .56  of  AB. 

If  two  transformers  are  connected  in  circuit  with  a 
monocyclic  generator,  it  is  possible  to  get  a  three-phase 
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secondary  circuit  with  120°  difference  of  phase  by  the 
arrangement  shown  in  Fig.  311  a,  provided  the  ratios  of 
the  number  of  turns cd  to  ad  and  CB  to  AB  are  properly 
proportioned.  Two  ordinary  transformers  with  the  same 
ratio  of  transformation  may  be  used  as  shown  in  Fig. 
311  *,  one  of  the  secondaries  being  reversed,  though  the 
pressures  in  the  three  circuits  are  then  not  exactly  equal. 
The  way  in  which  the  pressures  come  out  in  this  case 
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is  illustrated  in  Fig.  311^,  where  AC  is  the  pressure 
measured  from  a  to  c,  BCis  the  pressure  measured  from   [ 
b  to  c,  0C  shows  the  phase  of  the  pressure  BC  without 
a  reversed  transformer,  and  AS  is  the  resultant  press- 


Fig.  311  O 


at) 


ure  measured  between  a  and  /'.  The  last  is  cijiia!  to 
twice  the  pressure  developed  in  the  teaser  coil,  or  CD 
in  Fig.  310C.  This  may  be  treated  as  a  regular  three- 
phase  system  in  bad  balance,  but  the  system  was  de- 
signed to  be  operated  with  a  special  two-coil  induction 
motor  which  is  shown  diagraramatically  in  Fig,  312. 
The  field  of  this  motor  is  wound  with  two  coils,  one  of 
which,  m,  is  connected  to  the  main  circuit,  and  the  other, 
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w/',  which  has  fewer  turns,  is  connected  to  the  auxiliary 

conductor.    The  motor  acts  in  starting  as  an  unbalanced 

*hree-phaser,  but  after  getting  under  way  takes  most  of 

power  from  the  main  circuit    This  arrangement  was 
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intended  to  avoid  the  unbalancing  which  is  likely  to 
occur  in  polyphase  systems  where  lighting  and  power 
are  used  together.  The  monocyclic  system  is  essentially 
a  single-phase  system ;  all  the  lighting  apparatus  is 
operated  from  the  main  circuit,  and  while  the  motors 
are,  broadly  speaking,  polyphasers,  and  may  be  ordinary 
three-phasers,  they  operate  more  after  the  manner  of 
single-phasers  which  are  started  by  splitting  the  phase, 
than  as  balanced  three-phasers.  Quite  a  large  number 
of  monocyclic  alternators  have  been  put  in  service  in 
this  country  as  ordinary  single-phase  lighting  genera- 
tors *  but  comparatively  few  have  been  put  into  operation 
for  use  in  a  combined  light  and  power  service.  The 
motors  in  use,  where  the  combined  service  is  furnished, 
are  standard  three-phasers. 

The  accomplished  designer  of  the  monocyclic  system 
has  made  many  plans  in  which  it  is  proposed  to  utilize 
in  remarkably  varied  ways  the  flexibility  of  alternating- 
current  machinery  of  the  induction  types.  One  of  these 
plans  is  shown  diagrammatically  in  Fig.  313,  and  is  in- 
troduced here  for  the  purpose  of  illustrating  more  fully 
the  varied  purposes  to  which  alternating-current  appa- 
ratus lends  itself.f  C,  in  the  figure,  is  an  ordinary 
single-phase  generator,  with  its  field  excited  by  exciter, 
E^  and  its  armature,  A^  connected,  through  the  collector 
rings,  rr,  to  feeders,  to  which  lighting  circuits  may  be 
directly  connected  through  transformers,  as  at  a.     At  b 

*  Jackson  and  Fortenbaugh,  Some  Observations  on  a  300  K.  W. 
Monocyclic  Alternator,    Trans.  Amer.   Inst.  E.  E,,  Vol.    12,  p.  350. 

t  See  also  Emmett,  Existing  Commercial  Applications  of  Electrical 
Power  from  Niagara  Falls,  Trans,  Amer.  Inst.  E.  E.,  Vol.  1 2,  p.  482. 
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is  a  circuit  containing  several  monocyclic  motors,  which. 
after  one  is  started,  furnish  each  other  the  cuiTL-nt 
required  for  the  auxiliary  winding ;  while  at  M  is  3 
synchronous  motor  wound  like  a  monocyclic  gcncratnr. 
but  which  operates  as  a  single-phase  synchronous  motor 

R 

"  1^ 
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rig.  313 

with  its  main  coil  connected  to  the  generator  circuit 
Its  auxiliary  coil  serves  to  furnish  the  additional  cunent 
needed  to  operate  plain  three-phase  induction  motors, 
/,  /.  which  are  on  the  circuit. 

188.  Effect  of  the  Form  of  Curves  of  Pressure.— The 
effect  of  distorted  curves  upon  the  operation  of  induc- 
tion motors  depends  upon  the  number  of  phases.  The 
harmonics  of  three  and  five  times  the  fundamental  fre- 
quency are  the  only  ones  which  need  be  considered; 
and  indeed,  that  of  three  times  the  frequency  is  tk 
only  one  which  has  an  appreciable  influence  (Sect.  3a 
nnd   Appendix  A).      In  single-phase  motors  the  laf- 
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monies  must  affect  the  magnetic  field  exactly  as  they 
affect  that  of  a  transformer,  so  that  peaked  pressure 
curves  should  cause  a  decrease  in  core  losses,  and  the 
operation  of  the  motor  should  not  be  otherwise  greatly 
influenced.      In    polyphase   motors,  however,  the  har- 
monics may  set  up  a  rotating  field  of  their  own,  which 
is  superposed  upon  the  regular  field,  and  may  interfere 
with  the  operation  of  the  machine.    The  harmonics  with 
three  times   the    fundamental   frequency  belonging   to 
the  two  circuits  of  a  two-phase  system,  have  a  phase 
difference  of  90°  (Fig.  314),  and  these  set  up  a  super- 
posed rotating  field  in  the  induction  motor  which  has 
a  field  velocity  of  three  times  that  of  the  main  field. 
The  figure  shows  that  the  harmonics  of  trij)le  frequency, 
belonging  to  the  two  phases,  are  reversed  in  relative 
position   compared  with  the  fundamental  waves.     The 
field   due   to   these    harmonics   rotates   in    the   reverse 
direction    from   that   of   the  main  field,   and  therefore 
tends  directly  to  decrease  the  torque  of  the  motor  and 
to  increase  the  slip.     The  field  due  to  the  harmonics 
of  five  times  the  frequency  rotates  in  the  same  direc- 
tion as  the  main    field,   and   its   only  disadvantageous 
efFect  is  in  causing  eddy  currents  which  may  slightly 
decrease  the  eflficiency  of  the  motor.     The  frequency  of 
the  harmonic  curves  is  indicated  in  the  figure  by  sub- 
scripts. 

In  three-phase  circuits  the  harmonics  of  triple  fre- 
quency belonging  to  the  different  currents  are  directly 
superposed    in    phase   as   is   shown    in    Fig.    315,  and 
therefore   the   superposed   field   which   they   cause    in 
three-phase  induction  motors  is  a  stationary  one  whose 
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influence  is  only  to  decrease  the  efficiency  by  setting 
up  extra  core  losses.  The  figure  also  shows  that  iht 
harmonics  of  five  frequencies  have  120''  difference  of 
phase  and  are  in  reversed  or<ler,  so  that  they  set  up  a 
reverse  rotating  field,  and  if  they  arc  in  much  strcniiih 
may  affect  the  lorque. 

188  a.  Reversing  Polyphase  Motors.  —  Polyphase  mo- 
tors may  be  reversed  by  reversing  the  direction  of  rota- 
tion of  the  field. 

In  two-phase  motors  with  independent  circuits,  re- 
versing the  terminal  connections  of  either  circuit  wQ) 
effect  the  reversal  of  rotation,  but  reversing  the  tw- 
minals  of  both  circuits  will  not  alter  the  direction  of 
rotation.  Two-phase  motors  with  three-wire  connec- 
tions cannot  be  reversed  by  any  change  of  the  external 
connections. 

The  direction  of  rotation  of  three-phase  motors  may 
be  reversed  by  interchanging  the  connections  of  any 
pair  of  leads. 
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189.  stationary  Transformers  for  Polyphase  Circuits. 
—  The  transformation  of  pressure  in  polyphase  circuits 
aay  be  compassed  by  using  single-phase  transformers 
1  groups.  A  two-phase  circuit  then  requires  two  trans- 
ormers  at  each  point  of  transformation,  and  a  three- 
)hase  circuit  requires  either  two  or  three  transformers. 
The  individual  transformers  must  each  have  a  capacity 
tqual  to  the  power  required  to  be  transformed  in  each 
Dhase  divided  by  the  power  factor  of  the  secondary  cir- 
:uit.  As  the  power  factor  of  an  incandescent  lamp 
:ircuit  is  practically  100,  and  as  circuits  supplying 
tnotors  arc  likely  to  have  a  full-load  power  factor  at 
3est  as  small  as  80,  it  is  evident  that  transformers  which 
»upply  currents  to  motors  must  be  of  greater  capacity 
han  those  which  supply  an  equal  power  to  incan- 
escent  lamps.  This  rule  applies  equally  to  single-phase 
nd  polyphase  circuits  and  is  important  to  bear  in  mind 
t  the  present  time  when  alternating-current  motors  are 
oming  into  use.  Figure  316  shows  the  connections 
f  a  three-phase  circuit  with  two  and  with  three  trans- 
>rmers. 

A  saving  in  the  amount  of  material  used,  and  there- 
>re  also  in  the  economy  of  operation,  may  be  effected 


6»4 

by  combining  ihL-  nuiynL-lic  circuits  nf  the  indiviiiua! 
transformers  in  the  several  phases,  exactly  as  polyphase 
electric  circuits  are  combined  into  common  wires  (Chap. 
XIII.).  Figure  317  represents  a  two-phase  transformer 
with  a  combined  magnetic  drcuit  Since  the  phases  of 
the  magnetism  in  the  two  halves  of  the  transformer  are 
90°  apart,  the  resultant  magnetism  in  the  middle  tongue 
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is  V2  times  as  great  as  that  in  the  cores  under  the 
windings,  so  that  this  central  tongue  must  have  V2 
times  as  great  a  cross-section  as  the  remainder  of  the 
m9gnetic  circuit.  There  is  a  saving  of  iron  in  the  com- 
bined transformer,  as  compared  with  two  independent 
transformers,  which  is  equal  to  V2  times  the  weight 
of  the  central  tongue.  This  is  of  little  moment  in  small 
transformers,  but  may  make  quite  a  difference  in  the 
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:ost  and  efficiency  of  transformers  of  very  large  capac- 
ty.     The  same  sort  of  combination  may  be  effected  in 


hree-phase  transformers,  and  the  magnetic  circuit  may 
le  coupled  in  either  the  star  or  the  mesh  arrangement. 
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Figure  318  shows  a  three-phase  transformer  used  by 
Siemens  and  Halske,  and  others,  in  which  the  magnetism 


in  the  yokes,  DD' ,  which  join  the  cores  A,  B,  and  C,  is 
V3  times  as  great  as  that  in  the  cores,  and  the  con- 
struction allows  a  considerable  ecoxunny  is  compaiisai 
with  separate  transfonners  in  the  three  phases ;  wbile^  if 
the  windings  for  the  three  phases  are  placed  on  the  tiirce 
^es  of  a  triangle  or  are  arranged  in  consecutive  wder 
on  a  ring,  the  core  must  be  V3  tinm  as  great  as  would 
be  required  for  one  phase  alone  and  the  saving  of  inn 
is  in  the  relation  of  3 :  V3. 

After  giving  due  regard  to  the  resultant  magnetism 
in  the  cores,  the  principles  and  practice  in  transfonner 
design,  construction,  and  testing,  which  have  already 
been  fully  developed  (Chaps.  X.,  XI.,  and  XII.]^  arc 
directly  applicable  to  polyphase  transformers. 

190.  Transformation  of  Phases.  —  Arrangements  for 
transforming  one  polyphase  system  into  another  sys- 
tem with  a  different  number  of  phases  may  be  readily 
developed  from  the  principles  which  have  been  fully  set 
forth  in  the  chapters  on  single-phase  transformers  and  in- 
duction motors.  Quite  a  number  of  commercial  devices 
for  this  purpose  have  been  proposed.  Mr.  C  F.  Scott* 
has  patented  a  method  for  transforming  two-phases  into 
three-phases  which  has  been  in  some  commercial  ser- 
vice. It  is  arranged  as  follows:  in  Fig.  31911,  the 
primaries  of  the  transformers  M  and  Af  are  connected 
to  a  two-phase  source.  The  secondary  of  M  is  attached 
to  the  middle  of  the  secondary  of  M*,  as  shown  at  0- 
The  secondary  of  M  has  — ^  times  the  turns  of  thai  of  I 

^ 

•  Polyphase  Ttaasmission,  EUclricat  Werld,  Vol.  13,  p.  35!;  i^  j 
'Jtetridan,  VoL  32,  p.  640. 
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NT,  Then  in  Fig.  319*  the  line  OB  represents  the 
pressure  between  the  points  O  and  B  in  the  former 
figure,  OC  that  between  O  and  C,  and  OA  that  between 
O  and  A,  OA  must  be  at  right  angles  to  OB  or  OC,  as 
the  two-phases  of  the  primaries  arc  90°  apart.  Thus 
it  is  seen  that  between  the  points  A,  B,  and  C  three 
equal  pressures  are  set  up  at  120''  apart.  By  reversing 
the  apparatus,  three-phases  may  be  transformed  into 
two-phases.    Other  arrangements  for  effecting  the  same 

At 
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a 


Figr.  319  a 
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result  may  be  readily  suggested,  such  as  that  shown  in 
Fig.  320,  where  aa! ,  bb\  cd  represent  the  three  coils 
of  a  three-phase  winding  uniformly  placed  upon  a  ring 
core,  and  AA\  BB'  a  uniform  two-phase  winding.  If 
one  of  the  windings  is  connected  to  an  appropriate 
polyphase  circuit  it  causes  a  rotary  field  to  be  set  up  in 
the  core  which  sets  up  a  polyphase  current  in  the 
circuit  of  the  other  set  of  coils.  In  this  case  the  num- 
ber of  phases  in  the  secondary  circuit  is  independent  of 
the  number  of  primary  phases  and  depends  only  upon 
the  number  and  arrangement  of  the  secondary  coils. 
The  magnetic  circuit  should  be  completed  by  filling  the 
Central  space  with  iron  stampings. 

The  transformation  of   single-phase  into   poly^has^ 
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currents  by  means  of  stationary  transformers  may  be 
accomplished  by  phase-splitting  devices,*  bnt  no  satis- 
factory commercial  method  has  been  developed  wUdi 
does  not  include  moving  parts  in  the  transfonner. 


I 

■ 


191.  Rotary  Transformers.  —  The  possibility  of  con- 
verting a  continuous-current  dynamo  into  a  single-phase 
alternator  was  referred  to  in  Section  5  and  later  sections, 
and  a  machine  so  constnicted  with  a  continuous-current 
commutator  and  alternating-current  collector  rings  may 
be  used  to  convert  a  continuous  current  which  is  fed  into 
its  commutator  end,  and  by  which  it  is  driven,  into  an 
alternating  current  which  is  taken  from  the  collector 
rings.      Or,  the  transformation  may  be  from  altemat- 


♦  liraillov.  Phasing  Transformers,  Trans,  Amer.  Inst,  £".  E.^  Vol  12, 
p.  505:  Sicininct/,  Smne  Features  of  AlUTnating-Currcnt  SystcmSi  Tri*' 
Amtr.  Imt,  £,  £,,  Vol.  12,  p.  329. 
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D  continuous  currents,  if   the  armature   is   prop- 
iynchronized  so  that  it  runs  as  a  synchronous 

is  possible  in  the  same  manner  to  make  a  two- 
r  to  be  used  with  separate  circuits  out  of  any 
Luous-current  machine  with  Gramme  or  Siemens 
ure,  by  arranging  four  collector  rings  on  the  shaft 
onnccting  them  to  the  armature  windings  at  points 
are  90  electrical  degrees  apart.  It  is  also  possi- 
make  a  three-phaser  out  of  a  continuous-curreat 


Pig.  321 


ne  by  arranging  three  collector  rings  on  the 
and  connecting  them  to  the  armature  winding, 
5  electrical  degrees  apart.  Such  machines  may 
:d  to  transform  continuous  currents  into  polyphase 
its  or  vice  versa.  (See  Fig.  331.)  In  the  case  of 
lasers,  it  is  evident  that  the  maximum  value  of 
ternating  pressure  is  equal  to  the  value  of   the 
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coatinuous  pressure,  and  hmce  tbe  ratio  <tf  transform 
mation  is  tlieoretically  i :  "Vi.  In  tike  case  of  dtree- 
phasers  a  little  consideratioti  will  show  that  the  ratio 
of  transformation  is  t :  V3.  These  tiieoretical  ntna 
are  found  to  hold  very  closely  in  comniercial  marhinfa 
They  are  independent  of  the  speed  of  the  machines  and 
of  the  strength  of  the  fields,  provided  armature  reac- 
tions are  small 

Machines  so  constructed  are  called  'Rotary  TnmSMr 
mers.  They  will  run  in  synchronism  when  fed  wiA 
alternating  currents,  and  their  speed  therefore  depeads 
upon  the  number  of  poles  in  the  field  and  the  hequenc; 
of  the  currents.  Polyphase  rotary  transformers  ait 
generally  self-starting  from  the  alternating-current  end 
by  the  efEect  of  foucault  currents  set  up  in  the  pole 
pieces  by  the  rotary  field  which  exists  in  the  armature 
when  it  is  not  in  synchronism.  The  starting  torque 
may  be  increased,  as  in  polyphase  synchronous  motors, 
by  embedding  copper  "induction  bars"  across  the  pole 
faces.  After  a  rotary  transformer  fed  by  an  alternating 
current  is  in  synchronism,  its  fields  may  be  magnetized 
by  the  continuous  current  produced  by  itself  and  col- 
lected from  its  commutator. 

In  connecting  the  armature  windings  of  rotary  trans- 
formers to  the  collector  rings,  the  relative  angles  cor- 
responding to  the  current  phases  must  be  carefully 
distinguished  (compare  Sect,  102  a).  One  complete 
revolution  of  an  armature  in  a  two-pole  field  coire- 
sponds  to  one  complete  period  of  the  alternating  cur- 
rent, and  therefore  360  mechanical  degrees  corresponds  T 
to  360  electrical  degrees,  but  in  multipolar  machines » 
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rotation  of  the  armature  equal  to  twice  the  angular  pitch 
of  the  poles  corresponds  to  one  complete  period,  so  that, 
in  general,  the  relation  of  electrical  degrees  to  mechani- 
cal degrees  is/:  i,  where/  is  the  number  of  pairs  of 
poles.  Two-pole  rotary  transformers  evidently  utilize 
the  whole  of  the  armature  winding  with  each  collector 
ring  connected  to  a  single  point,  and  the  same  is  true 
of  multipolar  machines  with  series  path  windings  (Vol.  I., 
p.  276).  If  single  connections  to  the  collector  rings  are 
used  in  multipolar  machines  with  multiple  path  wind- 
ings, a  portion  only  of  the  armature,  corresponding  to 
360  electrical  degrees,  is  occupied  in  the  delivery  of 
alternating  currents,  and  the  armature  capacity  is  there- 
fore not  fully  utilized.  To  fully  utilize  the  armature  in 
this  case,  each  collector  ring  must  be  connected  to  the 
winding  at  as  many  points  as  there  are  pairs  of  poles, 
the  points  being  360  electrical  degrees  apart. 

The  capacity  of  a  rotary  transformer  of  this  type  is 
greater  than  the  same  machine  used  either  as  an  alter- 
nator or  as  a  continuous-current  generator,  and  the 
excess  capacity  increases  with  the  number  of  phases. 
This  is  due  to  the  fact  that  the  transformed  current 
does  not  traverse  all  of  the  armature  conductors,  but 
takes  the  path  from  the  continuous-current  brushes  to 
the  alternating-current  brushes  in  which  it  meets  the 
least  opposition,  and  the  heating  and  armature  reactions 
for  a  given  output  are  reduced.*  The  ratio  of  trans- 
formation of  the  machine  when  operated  to  transform 
alternating  currents  into  continuous  currents  may  be 

♦  Mershon,  Output  of  Polyphase  Generators,  Electrical  Worlds  Vol.  25, 
Ik.  <o^ 
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incicased  by  unbalancing  the  polyphase  circuit  by  the 
introduction  of  unequal  inductances. 

Rotary  transformers  arc  also  constructed  with  two 
independent  armature  windings,  or  by  rigidly  connect- 
ing independent  machines  together. 
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APPENDIX   A. 

THE   APPLICATION  OF   FOURIER'S  SERIES  TO  ALTERNATING- 
CURRENT  CURVES. 

It  has  been  stated  in  Section  30  of  the  text  that  alternat- 
ing-current curves  may  be  represented  by  a  special  form  of 
Fourier's  series, 

e  (or  c)  =  tf  1  sin  a  -f  ^3  sin  3  a  -|-  ^^5  sin  5  a  -f  etc. 
-f  ^1  cosa  -f  ^3  cos  3 a  -|-  ^5  cos  5  a  4-  etc., 

but  it  is  a  matter  of  some  labor  to  determine  the  constants  a 
and  ^  which  apply  to  any  particular  curve.  This  may  be  done 
in  the  following  manner,  first  assuming  that  an  alternating-cur- 
rent curve  has  been  experimentally  determined  and  plotted  in 
the  usual  manner  to  rectangular  co-ordinates  and  it  is  desired 
to  find  the  constants  to  be  inserted  in  the  Fourier  series  in 
order  to  give  the  equations  of  the  curve.  Divide  the  base  of 
one  loop  of  the  curve  into  «  -f- 1  equal  divisions,  then  there 
will  be  n  points  between  a  =  o  and  a=  180°,  which  will  cor- 
respond to  Aa  =  (— 1  ,    2  Aa=[ 1  ,  etc.,  and  the 

abscissa  of  any  of  the  points  may  be  represented  in  general 
by  >6Aa  =  (  —  — - )  •    Corresponding  to  each  abscissa  there  will 

be  an  ordinate  which  represents  a  value  of  ^  (or  c) ,  which  may 
be  called  e,,  (or  r^).    Substituting  in  the  original  equation  gives 

^  (or  r») 

=  ai  smf )  +  d^a  sm 3   -f  dr^  sin  5  (  — ^ —     -|-  etc. 

\n  4-  ly  \n-{'  I J  \n  -^  ij 

■^'"^°<;^)  +'^''°'\ir+i)  +''^°^<^  ^''''- 
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By  giving  i  successive  numerical  values  bom  anitj  to  «,  there 
are  found  n  equations  of  the  first  degree  from  which  the  values 
of  n,,  (ig,  d,,  etc.,  ^„  ^3,  ii,  etc.  to  n  terms,  ma;  be  detennined 
by  the  usual  algebraic  methods.  Putting  «  as  a  general  sub- 
script for  a  or  i,  then 

These  expressions  may  be  nritten  for  convenience 

.7.=      'J'K,sin(im-'-^-°)\    rf,=  _?_1'^cos('i«-^y- 

The  pressure  wave  of  an  alternator  is  represented  by  the 
heavy  line  of  fig.  /I,  and  the  constants  of  Fourier's  series  fa 


»                              -,'       K 

z                  z      ^^ 

"                     7           % 

'                  '                \ 

•              ^ 

.          iW-                 \ 

..        ,4''                    r  :^ 

.       h^                        ^    - 

I-     A            -                  "^  - 

;  ^             .-^r 

this  riirve  have  been  detcnnineil  up  to  the  seventh  hamwoK, 
giving  the  values 
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/I,  =  -1-98.6,  ^i  =  —  14.7, 

tf3  =  —   13.3,  /^3  =  +l8.2, 

ai  =  '-    1.6,  h  =  —    4-8> 

^  =  +      .25,  ^7  =  +    1.2. 

The  equation  for  the  curves  as  determined  by  this  means  is 
e  =  98.6  sin  a  —  13.3  sin  3  a  —  1.6  sin  5  a  +.25  sin  ja 

—  14.7  COSa  -f  18.2  COS  3  a  —  4.8  COS  5  a  -|-  1.2  COS  7  a. 

Substituting  various  values  of  a  in  this  equation,  the  corre- 
sponding values  of  e  are  given,  and  the  corresponding  curve, 
which  is  dotted,  has  been  plotted  in  the  figure.  It  will  be 
noticed  that  the  calculated  curve  crosses  the  original  in  seven 
points,  and  very  closely  approximates  to  its  exact  form.  If  a 
larger  number  of  constants  had  been  determined,  the  calculated 
curve  would  have  crossed  the  original  curve  a  proportionally 
larger  number  of  times,  and  the  approximation  would  have  been 
still  closer.  The  number  of  times  the  calculated  curve  crosses 
the  original  curve  is  equal  to  n,  and  consequently  the  calcu- 
lated curve  cannot  exactly  coincide  with  the  original  curve 
unless  «  =  00.  The  series  used  is  rapidly  convergent,  and  in 
this  particular  curve  the  effect  of  the  fifth  and  seyenth  harmonics 
is  quite  small,  and  the  curve  is  sufficiently  well  represented  for 
practical  purposes  by  the  fundamental  and  third  harmonics,  in 
which  case  the  equation  is 

^  =  98.6  sin  a  —  13.3  sin  3  a 
—  14.7  cosa+  18.2  cos  3a. 

The  corresponding  sine  and  cosine  terms  of  the  series 

ai  sin  a  I    ,    (      a,^  sin  3  ^  )    •   5      ^.^sin  5  <»  I    1    (  +  ^^c., 
-t-  di  cos  a  )        (  -|-  A,  cos  3a)        I  -^  fi:,  cos  5  tt  i        (  -f  etc. 

may  be  conceived  as  representing  the  rectangular  sine  com- 
ponents of  the  terms  of  a  single  sine  or  cosine  curve.  This  is 
illustrated  in  Fig.  B,  from  which  it  is  evident  that 
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a,  sin  ma  ±  b^  cos  <wu  =  r_  cos  (wu  —  tf.*). 
Where    c.  =  Vo,'  -)-  6 J,  and  tantf^  =  —  or  tan#.'  =  ^ 
Substitution  gives 
^  =  f,sb(a  +  6,)+'ssinC3a  +  tf,)  +  fiSin(5a  +  *,)+etc. 
=<-iCos(a-fl,')+f,coa(3a-#,')4-<:,cos(so-*,')  +  eT- 


Fig.  B 

The  equation  given  previously,  when  reduced   to  this  fona 
(using  9),  has  the  following  constants : 

ri=99.7,  *i  =  -    8°  29'. 

^,=    5->.  tf»  =  +7i°34', 

fT=  1.2,  ^j^+ts-sV, 

and  the  equation  is 

e  =  99.7  sin  (a  -  S"  19')  ~  22.5  sin  (3a  -  53°  soT 
-  5.1  sin  (5  a  +  71°  34')  +  1.2  Sin  (7  a  +  78-  34% 
and  its  value  to  a  considerable  degree  of  approximation  is 
fc  <■  =  99.7  sin  (a  -  8°  ag')  -  22.5  sin  (3a  -  53°  so"). 
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Following  are  examples  of  the  calculation  of  the  constants  of 
these  equations : 


«  +  I  =  8, 

Values  of  e  from  curve  : 

^,=  18,  e^^io,  ^5=125, 

^2  =  42,  <?4=iio,         <?o=8o> 


n->r\ 


^1  =  30- 


tfj  =  ^ j  18  sin  22°  ^  4-  42  sin  45°  +  70  sin  67°  ^  H-  ••• 

+  30  sin  157°  ^5  =98.6, 

^3  =  J^  j  18  sin  67°  J  +  42  sin  135°  +  70  sin  202°  J  -f  ••• 

+  30  sin  112°^}  =  -  13.3, 

^8  =  iJi8cos67°^  -f  42  cos  135°  -f-  70  cos  202**  1^  -|-  ••• 

-f  30  cos  112®  J  J  =  18.2. 

^3  =  Vrtfa^  +  A-»-'  =  22.5,    ^3  =  tan->^  =  -  53°  50'. 

"3 

The  effective  ordinate  of  an  alternating-current  curve  may 

be  determined  by  integrating  directly  from  its  equation.     The 

effective  value  squared  is 

=  -  I     (tfisina-|-a3sin3a-f-etc.+^iCOSa-f  ^8COS3a-f  etc.)'/iii, 

TTc/O 

and  since 

J  I    sin  ma  sin  nat/a,      I    sin  ma  cos  mada,      |    cos  x»a  cos  tiada 

are  each  equal  to  zero  when  m  and  n  are  unequal  integers,  there 

results 

I   /-IT  tf,«  r^  a^  f 

jS^  =  -  \    ^da  =  —  r   sin'  cu/a  H-  -^  I     sin'  -l  cu/a 


H I    sin'  «5  cu/a  H-  etc.  H I    cos' cu/a 

IT  Jo  ^  '  ^      TTc/O 

+  Wo  ^^^'3«^«  +  vJo  cos'saz/a  +  etc. 


In  the  example  which  tai  been  given,  die  vahie  of  E  calo- 
Uted  fronftiie  constants  tip  to  the  seventh  is  S=  724. 

Taking  the  fint  atxl  thitd  constants  ooif,  gives  Es=jt.^ 
which  it  coirect  to  m  doie  approximation. 

The  value  of  E  fbimd  by  plotting  the  curve  to  pobr 
co-ordinate*  is  £  =  79^. 

The  example  which  has  been  taken  fairly  represents  the  c<»- 
plexity  of  the  average  distorted  waves.    Some  altemadog-cD- 


Zzzzzz.px,~-'-f-'V-'----' 

::::::-. :K::^-::::::::: 

'\WW\t\  tftftt  ^ 

:^^f         1  Hrn 

']^\           N 

:::_Z;:::::::::::"S-;;: 

Fig.  O 

rent  curves  are  so  greatly  distorted  that  a  larger  nurabei  o* 
terms  of  tlie  series  is  required  to  closely  represent  them,  bul  tor 
practical  purposes  three  or  four  terms  are  always  sufficient.  In 
a  large  number  of  waves  the  forms  are  so  simple  that  two  terais 
of  the  series  give  ample  approximation  for  practical  purpose. 
fixaniples  of  waves  of  greater  or  less  complexity  than  llW 
Iready  operated  upon  are  given  in  figures  C,  D,  and  E  0^ 
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this  appendix  and  various  figures  of  the  text.  Figure  C  is  a 
:urve  given  by  Steinmetz  *  for  which  the  constants  up  to  the 
[3th  are 


ay  =-\-  109.5 

<73    =—  12.8 

a^  =—  22.8 

aj  =—  12.4 

«»  =  -  .55 

au  =  -  2.95 

«i3  =  +  .595 


/^i  =4-  10.5 

^8  =-    325 
^5  =—  10.6 

^7  =+    787 
^9  =  H-     .245 

^11  =  —     4-2 
^18  =  +      3-38 


fhe  ninth  and  higher  constants  are  practically  negligible,  so 
hat  the  curve  may  be  represented  by  the  formula 

•=109.5  sin  a  ,  — 12.8  sin  3  a  ,  —22.8  sin  5  a  ,  —12.4  sin  7  a 
-+-   10.5  cosa      —3.25  cos  3a      —10.6  cos 5  a      -1-7.87  cos  7a 


PlfiT.  D 

P*igure  Z>  is  a  curve  given  by  Fleming  t  after  the  results  of 
ests  by  Merritt  and  Ryan.     Its  equation  is 

f  =  .196  sin  (a  —  48° 55')  -H  .048  sin  {^a—  76° 50') 
-|-  .016  sin  (5  tt  —  90°) 

•  Tram.  Amer.  Inst.  E.  E.,  Vol.  1 2,  p.  476. 

t  Heming's  AUeniate  Current  Transformer  in    Theory  and  Practice^ 
^Ol.  II.,  p.  454. 
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ditions  brought  alwut  by  thf  discharge  of  a  condenser  through 
in  inductive  circuit  are  not  entered  upon  in  the  lexl,  and  as 
they  have  some  incidental  interest  to  the  electrical  engineer 
they  will  be  explained  here. 

If  a  condenser  of  capacity  j,  charged  to  a  difference  of  poten- 
tial or  electric  pressure  £,  be  introduced  into  an  electric  circuit, 
it  will  at  ODce  discharge  ;  that  is,  it  will  send  a  current  ihrough 
the  circuit  and  thus  bring  the  difference  of  potential  of  >a 
plates  to  zero.  At  any  instant  the  electrical  pressure  in  the 
circuit  will  be 

where  Z  and  J?  are  the  Betfjndnctance  and  resbtance  of  the 
circuit.     From  the  fbadamental  definition  of  a  condenser, 

_^ 

y  representing  the  quantity  of  electricity  in  the  condeuer  at 
any  instant  during  the  dischai^e,  when  the  electrical  pressure 
b  e,  and  the  current  c.     Substituting  these  values  gives 


-  and  e  = 


*"  .       -d?^l.di  +  Ls'^°- 

In  order  to  find  the  value  of  the  quantity  of  electricity  in  tbe 

condenser  at  any  instant,  and  thus  determine  the  rate  at  wliich 
the  condenser  discharges,  this  equation  raust  be  solved  by  iWf- 
gration.*    The  characteristic  equation  is 

L       Ls 
and  the  roots  of  this  determine  the  form  of  the  solution.   As 
this  is  a  quadratic  equation,  it  may  have  either  two  real  or  wo 

•  Price's  Calcului,  Vol.  II.,  p.  458;   YonjVh'%  Difertniial Ef^*^ 
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aginary  roots  depending  upon  circumstances ;  these  roots  are 

2L      ^4  L^     Ls 

__K__    /i  B^ _  I 
""'""      2Z     \4Z»     Ls 

is  evident  that  the  roots  are  real  when 

^  JJ     Ls  s 

d  that  they  are  imaginary  when 


S?< 


\L 


In  the  first  case  the  solution  takes  the  form 

q  =  Ae^'  +  Be^y 

dt 

ere  ^  and  B  are  constants  which  must  be  found  by  sub- 
tuting  the  value  of  zero  for  /,  in  which  case  q=:Q,  and 
=  o.     Whence, 

Q=  A-\-  By  and  Axi  -\-  Bx^  =  o, 


m  which 
;nce 


A  =  - 


^^*    ,and^=    ^^^ 


X\  —  X2 

Q 


Xi  —  Jfi 


^=^ 


Xi  —  JCj 


(jflC^-*^"') 


c  = 


XIX2 


dg^ 

dt      Xi  —  X2 

Q 


^(e*"  - 1^) 


.Ls^^^ 


\  4  Z*     Ls 


^p-iWlS-^>_,(-,i-VlS-^>"| 


ese  equations  show  that  q  and  r  never  fall  to  zero,  but  grad- 
ly  decrease  according  to  a  logarithmic  function  as  /  increases. 

2Z 


I 
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The  time  constant  of  the  circuit  decreases  as  -  ^^  apptoa 
-—  in  value  and  is  a  minimum  of  \  iR  when  ihey  are  eiiual.' 

When  I^<^—  the  roots  are  itnagiuary,  and  if  i 
indicate  the  imaginary  unit  V—  i, 


''"V/j      4/"' 

-4i 


■1  i' 

Inierting  these  vihies  in  the  fcmnulas  for  q  and  e  and  lednciiv 
to  trigonometrical  fomis,  the  equatiuis  become 


■^- 


■^^- 


u>sin/. 


■^^ 


'xO! 


4Z» 

From  these  formulas  we  see  that  when  the  roots  of  the  differ- 
ential equations  are  imaginary,  g  and  ^  are  periodic  funcdoos 
which  have  alternately  positive  and  negative  values,  so  that  ihe 
discharge  is  an  oscillatory  one.  In  other  words,  when  the  con- 
denser is  discharged,  during  the  first  flow  of  current  a  cetuin 
amount  of  energy  has  been  stored  in  the  magnetic  field  and  in 
the  return  of  this  to  the  circuit  the  condenser  is  charged  np  in 
the  opposite  direction.  This  is  repeated  over  and  over  again 
with  incredible  rapidity  but  with  decreasing  intensity,  until  ih' 
total  energy  of  the  original  charge  is  dissipated  in  overconiiog 
the  resistance  of  the  circuit.     The  current  passes  through  oi 

complete  period  while  ^\-j- rj  passes  through  all  vahies 

from  o  to  2  ir  and  therefore  the  period  T= 


*  Lodge,  On  the  Influence  of  Self-induction  on  the  Rile  of  Dtabrp 
of  B  CondenMt,  Lvnd.  ElcclrUiaH,  VoL  at,  p.  39. 
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s  very  small  compared  with  L  this  becomes  T=  2  v-sfLs. 

period  of  oscillation  set  up  in  any  circuit  may  therefore  be 
trolled  by  increasing  Z.  By  this  means  Professor  Lodge 
:eeded  in  getting  periods  a  considerable  fraction  of  a  second 
ingth,  but  in  general  the  discharge  of  a  condenser  may  be 

to  be  practically  instantaneous.  If  iron  cores  are  used  in 
inductance  coils  for  use  with  oscillating  discharges  they 
t  be  very  finely  subdivided,  or  the  excessive  foucault 
ents  set  up  in  the  outer  layers  of  the  cores  screen  tbe 
;r  parts  from  any  magnetic  eSectS. 


'he  formulas  for  the  discharge  of  a  condenser,  through  an 

jctive  circuit,  apply  equally  well  to  the  charging  current, 
ch  may  be  logarithmic  or  oscillating  depending  upon  whether 

^  — ■  Figure  F  shows  the  dying  away  of  the  charge  and 
'■<  Ls 

oscillations  of  the  discharge  current  in  an  oscillating  circuit. 
;  curve  which  touches  the  maximum  points  of  the  quantity 
.■e  is  logarithmic,  and  a  similar  curve  similarly  touching 
current  curve  would  be  logarithmic.  Figure  G  shows  the 
ivth  and  dying  away  of  a  current  due  to  a  transient  pressure 
an  oscillating  circuit.  Figure  //  shows  the  curve  of  dis- 
rge  and  of  the  discharging  current  in  a  non-oscillating  circuit. 
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The  CMdUating  electric  cirruil  niAy  be  likened  to  a  p 
or  an  OKilbling  spring  (Fig.  /).     Such  a  spring  wiQ  hue  a 
period  of  vibration  d«pendait  upon  ^e  maaa  ^incrtia)Bf  ia_ 


load,  its  elasticity,  and  the  frictional  resistance  to  its  motiaii' 
The  formula  giving  its  period  is  exactly  similar  to  that  for  ibe 
period  of  an  oscillating  discharge,  putting  mass  for  self-induc- 
tance, friction  for  resistance,  and  the  reciprocal  of  elasticity 


Ft«.  H 


(compressibility)  for  capacity.    When  the  spring  stands  at  its 

neutral  point  it  is  analogous  to  the  condenser  when  dischaiged, 

^-xtending  or  compressing  the  spring  is  equivalent  to  charging 

condenser.     If  the  resistance  to  motion  is  small  and  the 


APPENDIX  D. 


709 


extended  spring  is  released,  it  will  oscillate  through  decreasing 

distances  with  an  isochronous  period  until  the  energy  stored 

in  the  spring  by  its  extension  is  used  up  in 

overcoming  the   frictional   resistance   to   its 

motion.     If  the  resistance  to  its  motion  is 

increased,  its  period  will  be  lengthened  and 

the  number  of  oscillations  decreased.     While 

if  the  resistance  is  made  sufficiently  great  (as 

for  instance,  if  the  spring  is  immersed  in  syrup) 

the  motion  will  be  dead  beat.     This  condi- 


Pifir.  I 


tion  is  analogous  to  the  electric  discharge  in  a  circuit  in  which 

A,D     Ls 

This  subject  is  treated  at  great  length  in  Fleming's  Alternate 
Current  Transformers^  Vol.  I,  p.  364,  et  seq, ;  Bedell  and  Cre- 
hore*s  Alternating  Currents^  Chaps.  7  and  8 ;  and  Gerard's 
Lemons  sur  l^Electricite^  3d  ed.,  Vol.  I,  p.  253,  et  seq. 
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ELECTRICAL  RESONANCE. 


The  deductions  of  Chapters  III.  and  IV.  of  the  text  have 
shown  very  clearly  that  self-inductance  and  capacity  in  a  cir- 
cuit may  be  made  to  neutralize  each  other  when  a  sinusoidal 
alternating  pressure  is  applied  to  the  circuit,  and  the  self- 
inductance  and  capacity  are  constant.  In  this  case  the  self- 
inductance  and  capacity  act  in  opposition,  so  that  at  each 
instant  energy  is  being  stored  or  released  in  the  magnetic 
field  at  exactly  the  same  rate  as  energy  is  being  released  or 
stored  in  the  charge  of  the  condenser.  The  self- inductance 
and  capacity  may  therefore  be  said  to  supply  each  other's 
demands,  and  the  pressure  impressed  on  the  circuit  may  be 
wholly  utilized  in  doing  work  on  a  non-reactive  receiver,  such 
as  incandescent  lamps,  and  in  heating  the  wires  of  the  circuit. 
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Thu  actual  CTitTgy  which  l^  iraasfem?!  b:irk  and  f.-.r,-j  beUtfti 
■ttie  lelf-inductance  and  capadlT  miy  be  MMiy  twin  —gat« 
that  given  to  the  circoit  by  dw  gcaentor,  aid  the  fMMae  ■ 
th«  tflnninab  of  the  telf-iodiictaooe  taut  of  the  eeadcMer  aitf 
tbn  be  ptoportionallj  greater  Aaa  tkat  of  tte  ffEMMer. 
TUl  cmdltion  can   enat   ooljr  «4mii   3  ^/Z  =  —B—i  f^ 

,  ^ a^ 

Jttm—ig-T,  aod  iriien  T-^arvZt.i      From  the  co^lNa 

lir^Z— ^-  it  ii  leen  diat  |-=avVZ},  and  1  is  tfaoefae 

«V'  /  / 

equal  to  T,  the  natnial  period  of  the  drcah.  The  Mini 
period  of  difchargeof  the  circuit  ia  therefore  exactir  eqod  to 
the  period  of  the  impretsed  pTesaare,  or,  as  we  may  9^,  lo  die 
actual  rate  of  the  electrical  vitaatioiu  impmsed  oa  the  dtcat 
by  the  generator.  This  relation  between  the  vibratioiis  of  te 
line  and  of  the  generator  is  similar  to  that  of  a  vibrating  tuning 
fork  or  string  and  its  sounding  board  when  they  are  in  reso- 
nance, and  therefore  the  term  Electrical  Keeonance  has,  <■) 
account  of  the  analogy,  been  applied  to  the  electrical  dnmiL 
An  tkctrUal  (ir(u\t  is  said  to  be  in  resonance  with  an  imfrittti 
prttsuie  whin  the  natural  period  of  the  eircuil  is  equal  ts  Su 
period  of  the  impressed  pressure.  When  this  conditioD  eiisB, 
the  maximum  current  is  caused  to  flow  in  the  circuit  by  tlie 
application  of  a  given  impressed  pressure,  the  value  of  the  cur- 
rent in  a  resonant  circuit  Irom  which  no  external  work  is  sup- 
plied being 


If  the  self-inductance  and  capacity  are  in  series  in  the  dicuit, 
it  is  evident  that  when  the  circuit  and  applied  pressure  are  in 
resonance  the  pressure  between  the  terminals  of  the  capaci?, 


-{^> 


TVj:/,  Chapten  III.  and  IV.     f  Appendix  C     \  TKU,%ttA»l& 


1  — 7  ],t  is  a  maximum,  since  the  circuit  current  is 
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mum.  If  either  the  frequency,  the  self-inductance,  or  the 
capacity  is  changed  in  value,  the  value  of  the  current  falls, 
and  the  condenser  pressure  falls,  unless  the  other  elements  are 
changed  in  value  in  such  a  way  as  to  continue  the  condition  of 
resonance.  A  condenser  in  a  resonant  circuit  may  be  used 
as  a  transformer  of  pressure  by  connecting  non-reactive  appara- 
tus across  its  terminals,  as  has  been  suggested  by  Blakesley,* 
Lopp6  et  Bouquet,t  Pupin,J  and  others. 

If  the  self- inductance  and  capacity  are  in  parallel  in  the  cir- 
cuit, the  pressure  at  their  terminals  cannot  be  greater  than 
that  impressed  upon  the  circuit  minus  the  loss  of  pressure  in 
the  lead  wires,  but  when  the  circuit  is  resonant,  the  circuit  cur- 
rent furnished  by  the  generator  is  at  a  maximum  which  is  equal 

to  -—,  while  the  current  transferred  between  the  inductance 

and  capacity  is  also  a  maximum  which  may  be  a  great  many 
times  as  great  as  the  maximum  value  of  the  generator  current. 
Resonant  circuits  in  the  hands  of  renowned  experimenters 
such  as  Hertz,  Ix)dge,  and  others  have  produced  remark- 
able results,  which  have  led  to  great  advances  in  our  knowledge 
of  electricity,  while  mathematical  analysis  of  such  circuits  has  led 
to  further  discoveries.  These  results  have  caused  some  to  ex- 
pect remarkable  effects  to  be  gained  from  the  use  of  resonant 
circuits  (or  tuned  circuits,  as  they  are  sometimes  called)  for  the 
purposes  of  the  electrical  transmission  of  jx)wer.  Circuits 
which  are  installed  for  the  transmission  of  energy  over  con- 
siderable distances  (whether  the  wires  are  overhead  or  under- 
ground) always  contain  capacity  and  self-inductance  §  dis- 
tributed along  their  length.  It  would  be  possible  in  such 
lines  to  adjust  the  capacity  and  self-inductance  so  as  to  give 
resonance,  and  the  results  to  be  gained  from  so  doing  may  be 
examined  through  analogy. 

♦  Blakesley's  Alternating  Current  of  Electricity ^  2d  cd.,  p.  53. 
t  Lopp6  ct  Bouquet's  Courants  Alter natifs  Industriels,  p.  77. 
I  Pupin,  Trans.  Amer,  Inst,  E.  E.,  Vol.  10.,  p.  382. 
§  Text,  Section  47. 
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A  mechanical  analogue  of  a  resonant  circoit  is  shown  in 
Fig.  /.  This  consists  of  a  tube  fitted  with  Xmo  phingeis  and 
filled  with  a  perfectly  elastic  fluid.  The  properties  of  tiui 
fluid  may  be  used  to  represent  electrical  quantities  according 
to  the  analogies;  fluid  velocity — electric  current;  fluid  presi- 
ure — electric  pressure;  inertia — self-inductance;  compressi- 
bility * — capacity ;  firictional  resistance —  electrical  resistance. 
Now  suppose  the  fluid  to  be  without  inertia  and  perfectly  incoiB- 
pressible ;  then  if  plunger  A  be  moved  toward  I?,  a  unilbnD 

D  a 


— *       5  ^ 

1 

i 

i 

i 

t- ! > 

a' 

Fifir.  J 

current  will  be  instantly  set  up  in  the  whole  lube,  the  velocity 
of  which  is  equal  (in  proper  units)  to  the  pressure  applied  to 
the  plunger  divided  by  the  frictional  resistance.  If  plunger  A 
is  caused  to  move  up  and  down  harmonically,  the  other  plun- 
ger will  have  an  exactly  equal  synchronous  harmonic  motion. 
This  is  exactly  analogous  to  the  state  of  an  electric  circuit 
without  inductance  or  capacity.  Figure  K  shows  diagramnuti- 
cally  the  state  of  the  circuit,  where  the  distance  of  the  broken 
line  from  the  heavy  line  is  equal  to  the  current  at  each  point, 
and  the  light  line  shows  the  gradual  fall  of  pressure  between 
A  and  A\  caused  by  the  resistance,  and  the  sudden  fall  of  press- 
ure  at  A\  caused  by  the  external  work  done  by  plunger  A\ 

*  ComptessibiUty  of  a  fluid  is  the  ratio  of  compression  (change  of  ^<»' 
ume)  to  the  ptcssvuc  \>tv>i\>\c:\Tv^\\.,"axvCv  ^j^^^xcvsL-aS.  ^^w^acity  is  the  ratio  of  the 
charge  (chwige  ol  i\VLaxi\:\V^^  Xo  >i}cv<t  Oi<ic\\\Q.^>^\^saffa^'^^A^«acs<^> 


<. 
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If  the  fluid  be  compressible  but  have  no  inertia,  it  is  evident 
that  the  motion  of  the  plunger  at  A'  will  be  less  than  that 
at  A,  which  is  analogous  to  the  decadence  of  current  as  it 
flows  along  a  circuit  having  capacity,  due  to  the  quantity  of 


Pifir.  K 

electricity  entering  into  the  static  charge.  The  movements 
of  the  plungers  are  isochronous  but  not  in  synchronism.  In 
this  case  the  motion  of  the  plunger  A  will  exert  its  maximum 
pressure  when  the  fluid  is  most  compressed,  or  at  the  end  of 


Figr.  L 

its  stroke  where  its  velocity  is  least.  Hence  the  velocity  (cur- 
rent), which  is  greatest  at  the  middle  of  the  stroke,  leads  the 
pressure  by  90°  of  phase.  The  electric  circuit  corresponding 
to  this  is  shown  in  Fig.  Z. 

If  the  fluid  has  inertia  but  is  incompressible,  lV\^  n^\v:vvl\v^ 
at  u4  and  A'  will  be  equal,  or  the  cuTteiW.  vVvcow^  n>^^  cvxoxsn. 
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YriU.beumforiii,  but  ihe  jticisiirc  cxt-rlciJ  upon  jnaiaa  A  mus: 
be  greatest  where  the  accelemion  ii  gieatei^  wfaicb  a  cttte 
beginning  of  the  stroke  where  die  vdodtjr  it  levL  Cam- 
qoeattf  tiie  cuirent  lags  befaiod  th«  ptc»uie  fay  90".  "Qm 
n  saaiafsaQt  to  the  electric  circuit  with  i^-indnctance  aif.  • 

If  the  fluid  has  both  inertia  and  compresdbititr,  the  coimm 
of  fiuid  in  the  tube  wiU  then  take  npon  itself  die  propotia' 
of  all  material  elastic  bodies  and  will  have  a  natunl  .nte  of 
vibration.  This  will  be,  as  proven  in  elemental;  medianics 
[ffoponional  to  the  square  root  of  the  densi^  divided  )jj  tbe 
elasticity,  or  to  the  square  root  of  the  pioduct  of  the  iaettii 
and  compressibility. 

Hence  T=  a->/JUJC  where  a  is  a  constant,  jV  mass,  JT  com- 
pressibility, and  T  time  of  vibration.  In  this  case  if  the  plooge 
j1  (Fig.y)  be  moved  with  a  sinusoidal  velocity  of  period  7",  the 
fluid  will  be  thrown  into  vibrations  which  require  one  comjdetc 
traversal  of  the  circuit  to  make  a  wave  length.  Hence  if  there 
is  no  power  taken  from  the  circuit  there  are  nodes,  or  points  wf 
no  motion,  at  a  and  a',  and  antinodes,  or  points  of  maiiniiuii 
motion,  at  the  plungers.  Since  the  direction  of  motioo  in  <l>e 
two  halves  of  a  wave  are  in  opposite  directions,  the  two  pruogen 
move  in  opposite  directions  in  the  tube.  As  the  velocity  of  tie 
fluid  varies  from  node  to  aatinode  as  a  sinusoidal  fuDctJoo, 
the  loss  of  power  by  friction  is  reduced  to  one-half  the  value 
which  it  has  for  an  equal  plunger  velocity  in  the  inertialcss, 
incompressible  fluid. 

Since  the  velocity  of  the  fluid  falls  off  from  plungers  to  the 
nodes,  the  pressure  upon  the  fluid  exerted  by  the  plungers  mnsl 
be  proportionally  multiplied  at  the  nodes,  in  order  that  the 
same  power  may  be  transmitted  there  as  was  applied  at  the 
prime  plunger  A.  The  condition  of  pressure  and  velocity  is 
diagram matically  represented  in  Fig.  M.  If  power  is  transferred 
to  an  outside  object  by  plunger  A',  it  is  impossible  for  ihe 
velocity  at  the  nodal  points  to  be  zero,  but  it  must  be  sufficieoll)' 
Treat  to  Uanslet  fct  ^'sa  ■Cmqw^  ^kt  nodal  point  with  ihe 
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pressure  at  that  point.  The  relative  motions  of  the  plungers, 
under  the  conditions  here  cited,  require  that  the  pmver  be 
transferred  from  one  to  the  other  wholly  through  its  absorption 
and  redelivery  by  the  fluid  through  the  effects  of  inertia  and 
elasticity.  The  fluid  must  therefore  have  a  sufficient  mass  so 
that,  at  the  slow  velocity  of  the  nodes,  its  kinetic  energy  shall 
be  sufficient  to  carry  the  energy  in  the  circuit  across  the  nodal 
points. 


Piir.  M 

This  analogue  fully  represents  the  conditions  in  the  resonant 
electric  circuit.  Carrying  the  analogue,  and  the  diagrammatic 
representation  of  current  and  pressure  in  Fig.  My  in  mind,  it  is 
easy  to  draw  definite  conclusions  in  regard  to  the  effect  of 
resonance  on  the  operation  of  circuits  for  the  transmission  of 
power  by  currents  of  electricity. 

The  advantages  of  a  resonant  circuit  for  electrical  transmis- 
sion are  then :  (i)  a  gain  of  upwards  of  one-half  of  the  C^R 
loss  that  would  be  caused  by  the  transmission  of  an  equal 
amount  of  power  at  an  equal  receiving  piesswi^  ONtx  ^^  ^axsNR. 
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drcttit  when  out  of  resonance ;  (2)  more  satisfadoiyr^niktioB 
than  would  be  found  in  a  non-resonant  bot  reacdye  line,  snce 
the  difference  in  pressure  between  generator  and  leceifcr  ii 
equal  to  current  times  resistance  instead  of  coirent  times  an 
impedance  which  is  greater  than  the  resistance. 

The  principal  disadvantage  of  a  resonant  drcnit  for  electrial 
transmission  is :  a  ver^  laige  excess  of  pressore  on  the  lise 
at  certain  points,  or  nodes  of  current,  which  excess  deaeaKS 
toward  the  antinodes.  If  satisfactory  resonance  is  to  be  gained 
by  adjusting  the  self-inductance  and  capacity  of  die  circnit  10 
that  the  pressure  at  the  nodes  is  no  greater  than  ten  times  that  at 
the  antinodes,  the  average  pressure  along  the  line  must  be  caused 

to  be  jseven  times  (—■]  that  of  the  antinodes,  using  a  sinnsoidal 

function.     In  other  words,  if  the  pressure  which  is  safe  for  use 

is  limited  by  the  insulation,  we  may  say  that  the  average  thick- 
ness of  insulation  on  the  line  must  be  seven  times  as  great  as 
would  be  necessary  at  the  generators.  This  enormous  increase 
of  insulation  must  be  made  to  save  fifty  per  cent  of  the  CT 
loss  caused  by  the  transmission  of  a  certain  amount  of  power 
over  a  given  line.  A  much  more  reasonable  plan  would  be  to 
reduce  the  self-inductance  and  capacity  of  the  line  to  a  mini- 
mum, avoiding  resonance  and  raising  the  generator  pressure 
to  1 .4  its  previous  value.  Now  the  same  power  could  be  trans- 
ferred over  the  line  with  the  same  resistance  as  before,  the  C^^ 
loss  being  the  same  as  when  the  line  was  resonant,  but  the 
average  strain  on  the  insulation  would  be  only  one-fifth  as 
great  as  in  the  resonant  line. 

The  highest  pressure  which  can  be  economically  used  on  cir- 
cuits for  the  electrical  transmission  of  power  over  long  distances 
is  generally  conceded  to  be  set  at  the  limit  which  may  be 
properly  insulated.  If  this  is  true,  the  preceding  paragraph 
shows  that,  with  equal  insulation,  the  generator  pressure  may 

be  safely  made Ivmes  ^eater  on  a  non-resonant,  long-dis- 
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tance  transmission  line  than  that  which  is  safe  on  a  resonant 
line,  where  X  is  the  ratio  of  the  maximum  pressure  to  the 
generator  pressure  on  the  resonant  line.  This  shows  that  the 
non- resonant  line  would  be  by  far  the  most  economical  for 
long-distance  transmission  of  power,  even  if  it  were  com- 
mercially possible  to  maintain  resonance  on  service  circuits. 
For  the  distribution  of  power  over  short  distances,  the  pressure 
is  usually  quite  low,  and  the  pressure  limit  is  not  approached, 
so  that  resonance  might  be  introduced  without  adding  to  the 
insulation  ;  but  the  reactions  of  transformers  and  motors  on  the 
line  make  it  practically  impossible  to  keep  the  line  in  reso- 
nance. Similar  defects  are  seen  in  the  propositions  for  using 
resonant  lines  for  various  other  classes  of  electrical  transmission. 
These  deductions  in  regard  to  resonance  have  been  made 
upon  the  assumption  of  exactly  sinusoidal  currents.  In  practice 
these  are  now  seldom  met,  since  iron-cored  transformers  and 
motors,  and  tooth-cored  alternators,  introduce  distortions,  and 
a  circuit  which  is  resonant  for  the  fundamental  wave  is  not 
resonant  for  its  harmonics.  As  the  question  of  resonance  now 
rests,  it  does  not  present  any  opportunities  for  application  in 
practice,  nor  does  it  enter  into  problems  relating  to  ordinary 
electric  circuits  in  such  a  way  as  to  modify  practice.  In  some 
cases  of  long-distance  transmission  of  power  by  alternating 
currents  with  a  distorted  wave  of  pressure,  the  harmonics  may 
accidently  come  into  resonance  with  the  line  and  cause  an 
undue  strain  on  the  insulation;  but  this  is  readily  guarded 
against  by  using  a  generator  which  generates  an  approximate 
sine  pressure  curve. 

Many  articles  have  been  written  upon  resonance  and  its 
effects  in  electric  circuits,  but  the  following  will  serve  to  give  a 
general  view  of  the  subject :  — 

April,  1 89 1.  Lodge,  The  Effect  of  a  Condenser  Introduced 
into  an  Alternate-Current  Circuit,  London  Electrician^ 
Vol.  26,  p.  762. 
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Hfty,  1891.   Fkmtng,  On  Some  Efiecti  of  AUenudag-Camnt 

Flow  in   Citcnits  having  Capadtf  and    Self-Indoctio^ 

Jour.  ItuL  B.  £.,  Vol.  ao,  py  36s. 
May,   1893.    Pupin,   Practical   Ai|>ects   of  Low   Vaqpeucj 

Electrical  ReKHWDce.  2hnu.  Amttr.  ImaU  E.  E^  Vol  lo^ 

P-370- 
Jnne,  1894.  Andwoy,  Electrical  ReKHUuiceu  Related  toOe 

Tnnsmiiuoa  of  Eaeqif,  Eketrieai  Et^mar  (N.Y.),  Vol. 

>7»  !>•  545- 
October,  1894.   Blondel,  lodnctance  des   Ugnes  Aiiieiuia 

pour  Coniants  Attenuuifa,  L'Eelairap  EUctri^u,  Vol  1, 

p.  241. 
April,  1895.  HooBttm  and  Kennelly,  Resooaix«  in  Alteamill- 

Cuiient  lines.  Trams.  Amur.  IntL  E.  £.,  Vol.  la,  p.  IJJ- 


INDEX. 


ve  current,  117. 
ve  pressure,  4a 
ing  of  transformer  cores,  559. 
lay  efficiency  of  transformers,  493. 
emeine    Elektricit^ts  Gesellschaft, 
duction  motors,  620,  665. 
mating    circuit,    current    in,  65; 
>wer   in,    Z09,    112;    methods    of 
easuring  power  in,  Z2i. 
rnating-current      curves,     charac- 
ristic  features  of,  703. 
mating  field,  resolution  of,  647. 
mations,  definition,  7. 
mator,  7 ;  armatures,  10, 15, 16,  25, 
i,  28,  31,  35,  230,  231,  232,  234,  236, 
19,   243,    246,  366;   characteristics, 
>6;    design,   239;    dimensions,  13, 
14;  efficiency,  370;  field  excitation, 
251,  268,  362;  leakage  coefficient, 
J3 ;  losses,  221 ;  copper  losses,  223, 
!6;    foucault    current    losses.   227; 
^teresis  losses,  228 ;  rectifying  com- 
lUtator,  259;  testing,  371. 
;mators,  7 ;  as  synchronous  motors, 
n;  combined  output  of,  322;   in- 
uctor,  33 ;  in  parallel,  326 ;  in  series, 
22 ;  on  separate  feeders,  336. 
erican  transformers,  tests  of,  504. 
peremeter  (three)  method  of  meas- 
ring  power,  127. 
peremeters,  alternating  current,  267, 

77. 

pere-tums  on  field  of  induction  mo- 

)r,  631. 

ilytical  method  of  solving  problems, 

38,  217. 


Angle  of  lag,  42,  izi ;  method  of  meas- 
uring, zzz. 

Apparent  energy,  116;  resistance,  71; 
watts,  Z16. 

Arago  disc.  596. 

Areas  of  successive  loops  of  alternating- 
current  curves,  306. 

Armature,  action  of  short-circuited  in 
rotary  field,  595;  calculation  of 
alternators,  239;  classification,  15; 
collectors,  31,  32;  commutated  in 
induction  motors,  624;  conductors 
of  alternator,  232 ;  conductors,  differ- 
ential action  of  alternator.  10 ;  con- 
ductors, number  of  alternator,  234; 
conductors,  number  of  alternator, 
maximum,  236 ;  current  and  excita- 
tion, relation  in  synchronous  motors. 
582;  disc,  26;  drum,  16;  insulating 
and  core  materials.  35;  pole,  29; 
poly-phase,  connections  of,  393; 
pressure,  alternator,  1,  9;  pressure 
induction  motors,  631 ;  radiating 
surface,  231,  637;  reactions  in  alter- 
nators, 246,  250;  reactions,  effect 
on  parallel  operation,  360 ;  reactions 
of  poly-phasers.  387;  resistance  in 
starting  induction  motors,  622; 
self-inductance,  243,  349.  368,  581, 
641;  ventilation,  230;  winding,  15, 
612. 

Arrangement  of  conductors  in  trans- 
former windings,  531. 

Auto-transformer,  545 ;  for  starting  in- 
duction motors,  621. 

Average  pressure  or  current,  4.  9. 

Ayrton,  testing  alternators,  3^77  \  vc^sicc^"^ 
curves,  301. 
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Ayrton  and  Perry's  inductance  stand- 
ard, 98,  420;  secohmmeter,  105,  415, 
416.  419. 

Ayrton  and  Sumpner,  transformer  test- 
ing. 487- 

B. 

Balanced  poly-phase  systems,  547. 
Hallistic  galvanometer,  57. 
Ballistic  method  of  tracing  curves,  289. 
Bedell's    contact  maker,  302;    test  of. 

hedgehog  transfoi  luer,  495;  tracing 

curves,  300. 
Bedell  and  Ryan,  synchronous  motor 

experiments,  586. 
Blakesley,  measurement  of  power,  112, 

128,   129;    split  dynamometer,   128, 

483. 
Blondel,  contact  maker,  301 ;  tracing 

curves,  305. 
Booster,  542. 
Brown,   C.   E.   L.,   induction   motors, 

660;    parallel  operation   of  alt.rna- 

tors,  361. 

C. 

Calculation  of  core  and  windings  for 
impedance  coils,  541;  for  induction 
motors,  633;  for  transformers,  519. 

Calculation  of  losses,  regulation,  excit- 
ing current,  and  etticiencies  of  induc- 
tion molois,  629,  633,  640,  641;  of 
transformers.  461,  492,  523,  527,  529. 

530.  538. 

Calorimctric  method  of  testing  trans- 
formers, 481. 

Capacity,  78  ;  and  self-inductance  com- 
bined, 88,  89,  703,  709 ;  effect  on  reg- 
ulation of  transformeis,  439;  press- 
ure, 80,  164;  required  for  Stanley 
motor,  669. 

Capacity  circuit,  178 ;  time  constant 
of.  83. 

Carey  Foster's  method  of  measuring 
mutual  induction,  409. 

Characteristics,  alternator,  266;  curve 
of  magnetization,  266;  distribution 
curve,  278 ;  external,  272 ;  loss  line, 

27S- 
Ciieeks  on  \vAnsU)U\\<i\  0^c^\^'cv,tj->,\. 

Chokmg  cu\\s,  ^a*^. 


Circuits  in  parallel,  57,  72,  175,  193. 
196;  in  series,  72,  159, 171, 196. 

Circumferential  velocity,  13,  230, 634. 

Coefficient  of  leakage,  233.  429.  553. 
636,639;  of  mutual  inductioD.  398; 
of  self-induction.  43. 

Coils,  embedded,  24,  6ox,  638;  lathe- 
wound,  24. 

Coil  winding,  20. 

Collector  rings,  31,  32. 

Collectors,  armature,  31,  32. 

Com  mutated  winding,  induction  mo- 
tor, 624. 

Commutator,  rectifying,  259;  sparking 
of,  262 ;  Zipcrnowsky,  ^. 

Compensated  voltmeter,  316. 

Coniijcnsators,  543. 

Composite  winding.  251,  319, 369. 

Composite-wound  alternators  in  par- 
allel, 369. 

Condenser,  79;  circuits,  178;  curves 
of  charge  and  discharge  of,  81;  en- 
ergy of  charged,  81 ;  pressure,  80, 164. 

Conducting  systems,  poly-phase,  54^. 
552,  554.  555.  55^5:  poly-phase,  bal- 
anced, 547. 

Conductors,  arrangement  of  in  traas- 
formcr  windings,  531. 

Constants  for  use  in  design  of  inJjc- 
tion  motors.  634,  635,  030,  037:  ^' 
transformers,  463,  465,  4(7,  400, 53^ 

Contact  makers,  301. 

Continuous  winding,  19. 

Converter,  396. 

Copper  losses,  calculation  for  trans- 
former, 529;  in  alternator,  225,  '^ 
alternator,  table,  226;  in  tr.in^'<^r- 
mcr,  428,  436,  465  ;  in  traii?lotr.it.'r, 
effect  on  regulation,  436;  in  induc- 
tion motor,  612,  619,  640. 

Core  losses  in  alternator  armature,  2t;. 
228 ;  in  induction  motor.  61S,  040, 
651,  670;  in  transformer,  4J-'.  4.'^' 
456,  461.  523,  527  ;  in  transformer  are 
independent  of  load,  4S8 ;  separut;!  n 
of,  in  alternator,  372 ;  in  trunsfornifr, 
500. 

Core  materials,  38,  539,  633. 

Core  of  transformer,  ageing,  539. 

0^\\vx\\v^^\'^  (or  wattmeter,  131. 
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CurrPTil,  actiie.  117. 

Dimensions  of  allemators.  13, 124:  of 

Currcnl  and  pressure   curvH,  imcinB 

transformers,  534. 

01,289, 

Dimmer.  543, 

Curreni  and  pressure  relatjoni.  in  in- 

duclion  inolors,  603  ;    in  poly-phase 

induction  motors,  653. 

Bvs1em5.sss;insyochronQUsmoiors, 

Disc  armature,  36. 

575;  in  ltans(otine.s,  <a4,  440. 

Diicharg«,  oscillatory,  703. 

Distribution  of  altemaling  curreni  in  -i 

conductor,  144. 

citing,  or  induction  inolors.  639;  ot 

nator  pole  faces,  178, 

ciKuit,  Bs;  in  inductive  drcuil.  6;; 

Divided  circuits,  57,  7a,  17S.  '93.  "96- 

maEnetiiing,  433;  of  induction  mo- 

Double   armature  winding  For   induc- 

tion motors,  620. 

Dtehfelde,595. 

rushes     in     inductive     circuit,   540; 

Drchslrom,  595,  601. 

summaliun    lero  in  poly-phase  cir- 

Drum armatures,  16. 

cuits,  534:   waltleu,  117. 

Duncan  electrodynamomeler,  39B. 

Curreni  density,  in  armalare  conduct^ 

Duncan,  tracing  curves,  39S. 

ors,  333, 640 ;  in  collectors,  3a ;  in  field 

E. 

winding,  4(58. 

Economy  coils,  541. 

Curve,  rooludon  of,  75.  695. 

Eddy   current   losses,   nlleniator,  337; 

Curve  ot alternator  cfficiency.3fl4,  385; 

induction    motor,   618,   640:     Inins- 

of    motor    efficiency,  657.  658,  659, 

former,  43a,  436,  430,  456,  461,  500, 

660,  664,   665.  670.   671 ;     of   trans- 

5*7- 

former  efficiency,  498. 

Effect  of  form  of  pressure  curve  on 

motor  operation,  678;  on  paralleling 

Curve  of   pressure,  effect  of  form  on 

of  alternators,  360;    on  transformer 

efficiency.  517, 

on  transformer,  517. 

Effective  pressure,  4,8,699:  and  cur- 

Curve of  squared  ordinatcs,  309,  31a. 

rent,  determination  of,  from  curves. 

Curves,  cliaraclerislii:  leaiutes  of  alter- 

309. 

natine-curreni,  703 ;  charge  and  dii- 

Efficiency   curves,   of  alternator,   384, 

dliarge  of  condenser,  81 :  at  curreni 

in  capacity  circuit,  Bt :  of  curreni  in 

Efficiency, of  Blleraators,  370;  of  alter- 

inductive circult.53;  successive  areas 

nators,  variation  with  output,  3B3; 

equal,  306. 

ofinduciion  motors,  633;  of  trans- 

». 

day,  49a;  plant,  49s;  point  of  ni«i- 

mum,soo,64i;  weight, of ftltematois. 

383;  weight,  of  induction    molora. 

Uensilio,  curreni,  33.  33a,  333.  468, 

6&1 ;  weight,  of  transformers,  300. 

637,   6*°i   magnetic,   338.   370,   46a, 

Electrical  resonance,  709, 

635. 

Electricity,  transfer   by  mutual  indue 

Design  of  allernaiors,  339;  of  induction 

lion,  403, 

motors,  633;  of  transfoimen,  519. 

Diamond  meter,  67a. 

tures,  10;   in  induction  molora,  637, 

ElEcIrameler,  tncAhoA   tA    (n«;ivu«i% 

(•39- 

power,  \ai. 

J 
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Electrometer,  quadrant,    121;    Ryan, 

294. 
Electrostatic  wattmeter,  124. 
Elwell-Parker  alternators  in  parallel, 

345- 
Embedded  windings.  24, 601,  609,  638. 

Emerson  synchronous  motor,  666. 

Emmett,  tables,  impedances  and  re- 
actances of  circuits,  144 ;  induction 
factors  and  power  &ctors,  120 ;  skin 
effect,  148. 

Energy,  apparent,  116. 

Energy  of  charged  condenser,  81 ;  of 
mutual  induction,  400;  of  self-in- 
duced magnetic  field,  52. 

Equalizing  connection  for  composite 
alternators  in  parallel,  369. 

Equivalent  sinusoid,  78. 

Ewing's  experiment  on  iron  losses,  488. 

Exciter,  8,  313,  318. 

Exciting  current,  431 ;  of  induction 
motor,  629 ;  of  transformer,  530. 

External  characteristic,  alternator,  272. 

Extra  current,  135. 

F. 

Factor,  impedance,  143 ;  induction,  120 ; 

power,  116. 
Features  of  alternating-current  curves, 

703- 
Ferranti   alternator,  345 ;    meter,  672 ; 

transformer.  512. 

Field,  resolution  of  alternating,  647; 
rotary,  591  ;  rotary,  constant.  597  ; 
rotary,  definition, 600;  rotary,  irregu- 
lar, 593 ;  strength  in  synchronous 
motors,  573 ;  strength  in  synchron- 
ous motors,  maximum  power  factor, 
580;  strength  in  relation  to  armature 
current  in  synchronous  motors,  582; 
turns  per  volt  in  induction  motors, 
635  :  windings,  alternators,  251  ; 
windings,  induction  motors,  614,  634, 
650 ;  windings,  induction  motors,  dif- 
ferential action,  627. 

Field  ampere-turns,  induction  motors, 
631. 

Field  current,  wavy  alternator,  268. 

Field  exc\la\\oi\,  ^AXexTv^Xot ,^,  a^\, 2.68, 
362;  composWe,  a^i, -iT-^^  "i^"' "^^vA    ^^Nax^'^^^.^^^sn. 
urate  251. 313. ^'^^■»  ?»<i\\,as^,'i2o,•>>•i\.\V^^^^J»^^^^^\^^^5Jw^^ 


Field  frequency,  601. 

Field  induced  pressure,  inductioB 
motor,  625. 

Field  resistance,  starting  indoctiM 
motors,  600. 

Fleming,  tracing  curves,  305;  traBS^ 
former  tests.  485,  488, 495, 511. 

Ford,  transformer  tests,  504. 

Form  of  pressure  curve,  influence  d, 
360.  517, 678,  717. 

Fort  Wayne  synchronous  motor,  666. 

Foucault  current  losses,  alternator,  227; 
induction  motor,  618,  641;  trans- 
former, 432,  436,  450,  456.  461,  500, 
527 ;  calculation  for  transfonner.sa;; 
effect  on  transformer  current,  456. 

Fourier's  series  applied  to  alternating 
curves.  75.  695. 

Frequency,  6 ;  alternator,  7, 8, 227,34^ 
665 :  effect  of,  on  induction  moton, 
663 ;  effect  of,  on  parallel  operation, 
341 ;  effect  of,  on  transformers,  513. 


Galvanometer,  shunted  ballistic,  57. 

Ganz  &  Co.,  regulator,  313. 

General  Electric  Co.,  alternators  m 
parallel,  346;  induction  motors,  63a- 
624,665;  monocyclic  system,  673; 
regulators,  318. 

Gerard,  tracing  curves,  290. 

Gordon,  alternators  in  parallel,  345- 
on  parallel  operation,  345. 

Graphical  construction  of  pressure 
curve,  284,  285. 

Graphical  determination  of  induction 
motor  relations,  603  ;  of  synchrooous 
motor  relations,  575 ;  of  transformer 
relations,  440. 

Graphical  solutions  of  problems,  151 ; 
in  parallel  circuits,  175:  in  parallel 
circuits,  conclusions,  193 ;  in  scries 
circuits,  159;  in  series  circuits,  con- 
clusions, 171 ;  in  series  and  parallel 
circuits  combined,  196. 


Hanson  and  Webster,  experiments  on 
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m,  testing  transformers,  477 ; 

illel  operation,  341. 

s  loss  in  alternators,  328;  in 

3n  motors,  618,640;  in  trans- 

•.  432.  436.  450.  455.  461,  500. 
transformers,  calculation  of, 
transformers,  effect  on  excit- 

rent  453. 

I. 

jction  motor,  607. 

isformer,  regulation,  437. 

;nt,  118. 

:e,   definition,  71,  73;    coils, 

ctor.  143. 

ze  coils  in  transformer  circuit, 

tl  pressure,  40. 

-•  current  rushes,  540. 

ce.  42.  397- 

:e  standards,  98,  430. 

I  densities  (see  Magnetic  den- 

i  factor,  120. 

I  motor,  armature  winding, 
8  ;  design.  633 ;  differential 
in  fields.  627.  639;  effect  of 
pressure  curve,  678  ;  effect  of 
cy,  663 ;  efficiency,  653 ;  excit- 
rent.  629 ;  field  ampere-turns, 
.'Id  windings.  614.  635,  634, 
rmula  from  transformer,  638 ; 
;,  607.  609,  633.  636.  639,  641 ; 
jm  load,  613;  monocyclic 
676;  output  and  pressure, 
wcr  factor  measurement,  654  ; 
on,  655;  rotary  field,  591; 
•base.  644 ;  single-phase,  form- 
650 :  slip.  601, 631 ;  speed,  601 ; 
.  667 ;  starting  and  regulating 
,  619;  torque  and  regulation. 
■)rque  diagram,  611;  wattless 
.  630 ;  weight  efficiency,  661 . 
I  motor  armature,  definition 

I   motor   field,  definition   of. 

I  motors,  miscellaneous,  666. 
circuit,  definition,  178 ;  effect 
dng,  56,  13S' 


Inductive  resistance,  71. 

Inductor  alternator,  33. 

Influence  of  form  of  pressure  curve, 
360,  517.  678,  717. 

Instruments,  377,  383. 

Insulating  materials,  35. 

International  Electrical  Congress,  the 
henry.  44  47. 

Iron  losses,  constant,  Ewing's  experi- 
ment, 488 ;  in  alternators,  227,  228 ; 
in  induction  motors,  618,  640,  651, 
670;  in  transformers,  436,  452,  456, 
461,  500,  523.  527;  in  transformers, 
effect  on  regulation,  436;  in  trans- 
formers, relation  to  load,  488. 

Irregular  rotary  field,  593. 


Joints  in   magnetic  circuit    of   trans- 
former. 538. 
Joubert,  tracing  curves,  28,  291. 
Joubert*s  contact  maker,  301. 

K. 

Kapp  alternators  in  parallel,  345;  trans- 

•former,  512. 
Kennelly,  distribution  of  current  in  a 

wire,  149;  impedance  factor,  143. 
Kolben,  design  of  induction   motors, 

635 ;  magnetic  densities,  371. 

L. 

Lag  angle,  43;  measurement  of,  iii. 

Lamp  with  impedance  coil,  541. 

Lap  or  loop  winding,  30. 

Leakage,  coefficient,  333.  429,  533.  607, 
636 ;  in  alternators.  333 ;  in  induction 
motors,  607,  609,  633,  636,  639,  641 : 
in  transformers,  439 ;  in  transformers, 
calculation  of,  533. 

Leakage  current,  433. 

I^ad,  synchronous  motor  maximum, 

583. 
Loop  or  lap  winding,  so. 

Loss  line,  alternator,  375. 

Losses  in  alternators,  331 ;  in  alterna- 
tors, copper,  333.  336 ;  in  alternators, 
foucault  current,  337 ;  in  alternators, 
hysteresis,  338 :  in  induction  motors^ 
copper,  612, C19,  ti-^-i,  b^o\  \xv\vA>aK»- 
tion  moloTS,  fe\icaL\3\\.  cMTt«tvV^  tjiA, 
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f%^o ;  In  Induction  mnton,  hysteresis, 
01 8,  f^f);  in  transformers.  copi>cr, 
4)ri,  4(15,  5ag;  in  trnnsformcrs,  fou- 
Ku\\\\{  current,  43a,  43ft,  450,  456,  461, 
VK>i  5^\  in  trunslormcrs,  hysteresis. 
4  J  J.  4.<fi,  450.  455,  461.  500,  523. 


M.u'uiMic  circuit,  joints  in  tninsformcr 

M.tKuctic  ilcnsitics  in  iilternutor  urnm- 

tuic^,  jjS,  \jti;  in  induction  motors, 

rt(>>.  in  tiAnsloimcrs,  ^fr2. 
M.)i*nctic  (lihirihution  curve.  978. 
Mii)*nrtic  held,  ener^^y  of  self-induced, 

sj;  lotjiry,  51)1. 
M,)t;netic  le.ikuK«',  in  alternators,  333 ; 

u)   imhiction   motors,  (K17,  (xx),  (133, 

(»»f»,  (»i«),  (141;  in  transformers.  439; 

m  iiaiiNloinuM,  caicul.ition  of,  533. 
M.»)'.neth'   lohni.ince.  etVect  on  trans- 

loinuM.  |v\  4«»j. 
M  n;nriu   vlnii\i  (iauslv>iiurr,  448. 
M.u:n«'li..ui.»n  »ui\«\  alliMn.itiM,  .MV*. 
M.ir.Wt  li  .Ui.»M  ol  ti.tMNliM  HUM  »  on*.  433. 
M.\i;n«Mi   mi;    ^lUJiMil.    .\X\ ,     iiuliutitM^ 

iui»iiM.««i'i. (»jo ,  ii.ui>tornuM. 433. 5>\ 
\l  «i;m»i»»  m.u  hnu's.  .'n. 
M.«\nuum  olluuMU'x .  point  o(,  in  iiuluo- 

ihMi    ini»UMs.  1x41  ;    in    translv>inuMs. 

M  ivinuiin    I»miI    i^t    iiuliu  tion   inotor<. 

(M  ^  .    v»l  v\Mv  huMu^viN  nu^ttM-s.  ^S5. 
M.wnuiun  i^ntput  ot  a'lfin.itvM^*.  ^74. 
M<\\\."    r.K-,»Ni:;,Mn.nt  v^t   nv.itua!   in- 

ilu\  t.i'u,"    41.*.  ;ir*.  inoasuionuMit  of 

M.iv\\i\!   .uui    K.;\".o:j;^.  nuwsuroniont 

M,Mv;.:o:v»  V'.    v^t     '.is:    Ar.i^^.o.    li;.     x^t 
ir.v.M  v'.  :"v*.i;vt.;v.v'o   4.W   ot  :\n\or  x"*. 


Monocyclic  system.  673. 

Mordey.on  parallel  operat)oii,339.543. 
358;  on  transformer  frequenc).  515; 
testing  alternators,  375 ;  testii^  trans- 
formers, 480. 

Motor-generator  method  of  testing  al- 
ternators. 379. 

Multi-phase,  387. 

Multi-phaser,  387. 

Mutual  inductance,  397,  398;  me.is- 
urement,  406;  mctsurement  by 
am|x!remeter  and  voltmeter,  407; 
measurement  by  ampercnieter  and 
galvanometer,  408 ;  measurenu-nt  hj 
comfKirison,  416;  comp.irisun  Miih 
capacity,  409,  411  ;  comparison  with 
sclf-inductancc,  412,  415;  sccoiira- 
metor  in  measuring,  415, 416. 41* 

Mutual  induction,  396;  ci>cflriuent  of, 
398;  coils  with  iron  cores.  419: 
energy  of.  400;  of  distributing  lir- 
cuits,  421 ;  of  poly-phase  circuits, 
550 ;  transfer  of  electricity  by,  403. 

N. 

Neutral  point,  304. 
Nivi'n.  measurement  of  mutual  in^luc- 
tance,  415. 


0»r!ikon  induction  motors,  658. 665. 
OiH'n-cirouit  curreni.  433. 
Osoilialory  discharges.  703. 
(.>utput  proportional  to  s-tj  laroofpreis- 

ure  in  inviuction  motors.  642. 
^.Hitpvii  :  .-,  etficiency,  weight,  ir..i  : :^' 

a'.tornators,  3S3 ;    induction  n;:  •> 

(■•oi.  tiansformers.  500. 


l\i:a".o*.  a'torr.at.^r?  :"..  3^^. 
ravA'r".  o'.rcairv,  5-.  -;.  :-5.  ; 
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alternators  in,  345;  Ferranti  alter- 
nators in,  345 ;  Ganz  alternators  in, 
345 ;  General  Electric  alternators  in, 
346;  Gordon  alternators  in,  345; 
Gordon  on,  345;  Hopkinson  on, 
341;  Kapp  alternators  in,  345; 
Mordey  on,  339, 343, 358 ;  regulation 
for,  36a ;  Stanley  alternators  in,  345 ; 
Steinmetz  on,  346,  349,  358 ;  success 
of,  338:  Thomson-Houston  alter- 
nators in,  341 ;  usual  practice,  335 ; 
wattless  current,  353 ;  Westinghouse 
alternators  in,  341. 

Parallel  wires,  self-inductance  of,  140. 

Period  of  alternating  current,  6. 

Periodicity,  7, 

Periphery  velocity,  13,  230,  634. 

Permeability,  effect  of  variable,  107: 
4 19, 450 ;  on  mutual  inductance,  399 ; 
on  self-inductance,  45. 

Phase,  40. 

Phase  diagram,  definition,  157, 

Phase  indicator,  330. 

Phase-splitter,  57a,  652,  688. 

Phase  transformation,  686. 

Phasing  current,  347. 

Pirani,  measurement  of  mutual  induc- 
tance, 411 ;  of  self-inductance,  103. 

Pitch  of  poles,  13. 

Plant  efficiency,  495. 

Polar  curves  of  current  and  pressure, 
309, 700. 

Pole  armatures,  29. 

Polygon  of  currents  or  pressures,  43, 

73.  87.  151- 
Poly-phase,  387. 

Poly-phaser,  387. 

Poly-phase  circuits,  connecting  up,  393, 
546, 548, 683 ;  self  and  mutual  induc- 
tion of,  556. 

Poly-phase  conducting  systems,  546; 
connecting  up  armatures,  393 ;  ma- 
chines, 387 ;  systems,  balanced,  547 ; 
systems,  current  summation  zero, 
554:  systems,  power  uniform,  552; 
relations  of  currents  and  pressures 

in,  555- 
Poly-phase  transformers,  683. 
Power  factor,  116. 
Power  in  alternating  circuit,  109,  112, 

measuremeoi;  i2t ;  measurement  by 


electrometer,  121;  by  electrostatic 
wattmeter,  124;  by  split  dynamom- 
eter, 128;  by  three  amperemeters, 
127 ;  by  three  instruments,  128 ;  by 
three  voltmeters,  125 ;  by  wattmeter, 

131- 

Power  in  any  poly-phase  circuit,  566. 

Power  in  poly-phase  system,  measure- 
tnent,  556;  two-phase,  common  re- 
turn, 559;  two-phase,  independent 
circuits,  557 ;  three-phase,  one  watt- 
meter, 564;  three-phase,  two  watt- 
meters, 563;  three-phase,  three 
wattmeters,  560. 

Predetermination  of  losses,  regulation, 
exciting  current,  and  efficiencies  of 
induction  motors,  629, 633, 640,  641 ; 
of  transformers,  461,  492,  523,  527, 

529,  530.  531.  533.  538. 
Pressure,  active,  40;    effective,  4,  8; 

determination  of  effective  value  from 
curve,  309;  formula  for  induction 
motors,  625,  628,  650;  formula  for 
transformers,  427,  513;  formula  for 
alternators,  i,  9;  impressed,  40;  of 
alternators,  form  of  curve,  i ;  of  self- 
induction,  39;  triangles,  42,  73.  87. 

Pressure  and  current  relations,  induc- 
tion motors,  603;  poly-phase  sys- 
tems, 555 ;  synchronous  motors,  575 ; 
transformers,  404,  440. 

Pressure  curve,  efifect  of  form  on  in- 
duction motor,  678;  effect  of  form 
on  transformer,  517;  graphical  con- 
struction, 384,  285;  tracing  of,  289. 

Prevention  of  spark  on  breaking  cir- 
cuit, 136. 

Primary  coil,  404. 

Primary  current  wave,  form  of,  45a 

Q- 

Quadrant,  44. 

Quadrant  electrometer,  121. 

R. 

Radiating  surface,  armatures,  231,  640  ; 
fields,  232,  637;   transformers,  468, 

509. 
Rate  of  work  in  inductive  circuit  when 

current  is  risvt\^  ox  t^Wvcv^,  ^. 

Rated  molor,  XesWtv^  ;s\ve\tva\o\s,'>nV 
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Ratio  of  transformation,  496.  438,  466. 

Kcuctanc«.  71.  7a;  coils,  541. 

Kractions,  alternator  armature,  246, 
aso,  yx);  induction  motors.  607,  636; 
|K>ly-phasrrs,  387. 

Reactive  circuit,  (Icfmition,  178. 

Reactive  circuits  in  |>arallel,57, 72, 175, 
103.  "*><>:  *"  Jwries,  7a,  159,  171.  196. 

Reetifvinu  commutator,  259. 

R«*Ku)atinK  ticvices,  alternators,  313, 
3.11 ;  induction  motors.  619. 

Re^ulatinK  for  constant  current,  321; 
piessure,  313. 

Re^ulatiim  by  wries  exciter,  318;  of 
alternator,  313,  320,  321;  of  induc- 
tion motor,  (K12.  f>i9,  O32,  639,  655 ; 
of  ideal  transformer,  437;  of  trans- 
former, effect  t>f  Kvsses,  436;  of  trans- 
former, efTi^ct  of  self-inductance  or 
ca|mcity,  439;  tests  of  tr.insformers, 

ki'it«il;Uor.  (i.m/and  Co..  313;  Oneral 
l\ltM"tnr    Co.,    318;     Wcstinghousc, 

Krl;tlion<«  of  t  vnnMits  .in»l  pressures  in 

polv  ph.iM'  sv^ttMMs.  55;;;. 
krhut.iiue,    in.ij;nrtu-,  ot  transfornuT 

K'OXV,  .jm>,  41)-*. 
Keptilsion.  t'le\tn»inaj^uetio,  (>43. 
kcsistviur',  .ippateut,  71. 
k«*>»i>»t.»ncr  tn.«ui:U*s.  .|j,  73,  87. 
k<'M»lutioM    ol    altrtn.Uu)^    tickl,    O47 ; 

111  cuivt's,  75.  (K>c;. 
krson.uu  c.  7«H>. 
krsou.uu-r  an.Uysis,  3tx\ 
ki'ViMMiui  p«Wv-p!K»sc  motors,  (182. 
kinij  .inn.ituHs.  J5. 
Kis«*  ot  toniprntmr,  2\i,  4'>{i. 
Kni.itv  ti«'Kl.  501  .  ionst.vJUN.507  ;  cflVct 

\^n    .uiu.Uuu*.    so^;     ctt»\t    i>n    tirld 

wiiulini;^.  (»_'5  ;  uiil\u'tioiuuotor.5v^l ; 

itrri^n'.ar,  ^.>?.  | 

kot.irv  ti.instvMmrr^.  fK^S. 
kot.Uini;  m.ij^tu'tic  tu'lil.  51)1  ;  irregular, 

kush  of  current  on  closini;  inductive 
cirovMt.  5^0.  1 

Kvan  anvl   lU*d(>ll,  synchronous  motor  ; 
exporimcnl.  v,ljt>. 

Ryan  and  MciT\U.vcsut\if,\\^w'bKvitw\vj\s, 

170. 


R3ran  contact  maker.  301.  302;  dtX' 
trometer,  294 ;  ezperiraent  on  traas- 
ibrmer  leakage.  430 ;  tracxi^  corves. 
993;  translbriner  corves.  460, 473. 

S. 

Scheeffer's  meter,  672. 

Searing  and  Hoffman  contact  maker, 
301. 

Secohm,  44. 

Secohmmeter,  105. 

Secondary  coil,  404. 

Secondary  generator.  396. 

Self-excited  alternator,  regulatkm.  330. 
321. 

Self-induced  field,  energy  of,  52. 

Self-inductance,  42,  43 ;  and  capadtr 
combined,  88,  89,  703,  709:  dividrd 
circuits,  57,  72;  eflTect  on  parallH 
operation,  349 ;  effect  on  transfonnCT 
regulation,  439,  491 ;  measuremrtt, 
90;  measurement  by  bridge.  93; 
measurement,  comparison  •vkith  ci- 
pacity,  100.  103  ;  measurement,  com- 
parison \\ith  resistance,  90 ;  mca^ure- 
tnent,  comparison  with  stanrUrJ 
self-inductanc(?.  98 ;  measuroni'"t. 
comparison  of  two  se'.f-induot.inas 
96;  of  alternator  armature.  243.  34,-; 
of  induction  motor  armature,  007. 
622;  of  parallel  wires,  140. 

Self-induction.  39;  coctVicient  of,  43- 
pressure  of,  39. 

Self-inductive  circuits,  current  in.  65; 
current  rushes  in,  540:  in  p.ir.r.el 
and  series,  72;  poly-phase.  550: 
power  in,  loq,  112;  rate  of  work  in, 
00;  rise  and  fall  of  current  in.  53: 
time  constant,  62;  under  sinu>i.';.ul 
pressure,  65  ;    variable  perraeabi.iX 

45.  107. 

Sep.irately  excited  alternator,  regula- 
tion, 313.  321. 

Separatum  of  foucau'.t  current  and 
hysteresis  losses,  in  alternators,  57-; 
in  transformers,  500. 

Series,  alternators  in,  322. 

Series  circuits,  reactive,  pressure  and 
current  relations  in,  72.  15a.  171  i*- 

S^iwc^ -iccA  ^^jollel  circuits  comb'.n^i. 
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Shop  tests  of  alternators,  382 ;  of  trans- 
formers, 486. 

Siemens  and  Halske,  induction  mo- 
tors, 622, 623, 625 ;  tracing  curves,  305. 

Single-phase,  387. 

Single-phaser,  387. 

Single-phase  induction  motors,  644, 
650. 

Skin  effect.  149. 

Slip  of  induction  motor,  601,  631,  655. 

Snell,  magnetic  densities,  370. 

Sparking,  commutator,  262. 

Sparking  on  breaking   a   circuit,  56, 

135- 

Speed  of  alternators,  13,  239 ;  of  induc- 
tion motors,  601,  615,  634. 

Split  dynamometer,  128,  483. 

Split-phase  motor,  572. 

Standard  inductance,  98,  420. 

Standing  torque,  656. 

Stanley  alternators  in  parallel,  345; 
arc-light  alternator,  269,  321 ;  induc- 
tion motors,  622,  624,  667;  trans- 
formers, 475,  494,  498.  504. 

Star  connection,  394,  550. 

Starting  induction  motors,  619,  652. 

Starting  torque,  607,  656. 

Steinmetz.  monocyclic  system,  673;  on 
parallel  operation,  346,  349,  358. 

Step,  322. 

Stray  power  method  of  testing  alterna- 
tors, 375;  induction  motors,  653; 
transformers,  485. 

Surface  velocity,  13,  230,  634. 

Swinburne  electrostatic  watt-meter, 
125;  hedgehog  transformer,  495, 
5". 

Synchronism,  322. 

Synchronizers,  329. 

Synchronizing  current,  340,  349,  353. 

Synchronous  motor  method  of  testing 
alternators,  380. 

Synchronous  motors,  571;  field 
strength,  573,  578,  580,  582;  maxi- 
mum load,  583 ;  pressure  and  current 
relations,  575;  relation  of  armature 
current  to  excitation,  582. 


Table,   alternator   copper   loss,   226; 
alternator  dimensioDS,  14, 224 ;  alter- 


nator frequencies  and  inductions, 
371 ;  characteristic  features  of  alter- 
nating curves,  703 ;  dynamo  dimen- 
sions, 14;  efficiency,  power  factor, 
etc.  of  induction  motors,  656 ;  Flem- 
ing's transformer  tests,  512;  Ford's 
transformer  tests,  505-508,  510;  in- 
creased resistance  to  alternating  cur- 
rents, 147,  148.  149;  inductions  for 
induction  motors,  635;  maximum 
wire  diameters  for  alternating  cur- 
rents, 149;  number  of  poles  for  in- 
duction motors,  615 ;  polarized  re- 
lays, inductance  of,  49;  f>ower  and 
induction  factors,  120;  resistance, 
reactance,  and  imf>edance  of  cir- 
cuits, 145;  setf-inductance  of  alter- 
nator, 52 ;  synchronous  motor  over- 
loads, 585;  tests  of  transformers, 
473.  505.  506.  507,  508,  510,  512; 
transformer  hysteresis  loss,  518; 
transformer  dimensions,  534;  weight 
of  American  induction  motors,  662 ; 
weight  of  European  induction  mo- 
tors, 662. 

Teeth,  armature,  24 ;  field,  638. 

Temperature  of  alternators,  231 ;  of 
transformers,  466. 

Tesla  motor,  591,  658. 

Testing  alternators,  371 ;  Ayrton's 
method,  377 ;  by  dynamometer,  372 ; 
Hopkinson's  method,  373;  Mor- 
dey's  method,  375;  motor-generator 
method,  379;  rated  motor  method, 
375;  shop  tests,  382;  synchronous 
motor  method,  380. 

Testing  induction  motors,  652;  for 
efficiency,  653;  for  power  factor, 
654 ;  for  regulation,  655 ;  for  torque, 

655. 
Testing  transformers,  469 ;  Ayrton  and 

Sumpner's  method,  487 ;  calorimetric 
method,  481 ;  for  regulation,  490; 
Hopkinson's  method,  477;  Mor- 
dey's  method,  480;  Ryan  and  Mer- 
ritt's  method,  470;  split  dynamom- 
eter method,  483;  stray  power 
methods,  485;  voltmeter  and  am- 
meter methods,  484;  wattmeter 
method,  4%^. 
Tests  oi  Xmeucaii  \x^x\&ViX'«v«%^  «fiv 


Ing  power.  Is;. 
Three-ph»»a,3S7,  5+6. 
Tfare»^llM«T.  3S7,  546. 


\  683.  685. 
_;   ««n(ila,  6<;   o( 
^drciiit,  K3;  uf  inOuclive  dr- 


ciiU,te. 
Toiqae   dbsi-um,    inducl 

All;  o(  idol  liiduclion 
Toiqaa  of  induciion  muto 

ment  ot  ^SS:   nonding.  65Q; 

ing.  656. 
Torque  of  syntlironous  molon 


f-  4i9>  S33:  maenctic  ktJup. 
Kyan'a  enpinimenB,  430;  nugnct- 
iiing  cutrEiil,  453 ;  picouiv  n^< 
lions,  404,  440;  primary  coil,  404: 
tailLoting  surface.  46S.  509.  lal.o  of 
tiansfacnialian.  40^  ^6A;  rrgutUiuH, 
43^.  437.  439;  repilalkm  loa.  <w; 
rclalions  deicrminpd  grapliinllj. 
440;  tolJiry,  688;  scmiularr  Bill, 
404;  wlndlngE,.  46s.  468.  5'3.  51*. 
S-'9.  i3'.  53=- 

TrUnKie  vonnecliun,  394,  551. 

Tri.phsBC,  387.  546. 

Tri-ph«ier,  3B7,  546. 

ifi;  systems,  inilepenileiii. 546;  <iv 


5,684. 


ni.ssr." 


Vatimion   in   allemalor   e 

rem,  a6B. 
Vector  analysis  applied  li 


ermelliodo' 


Venlili 

Volimeler  and  amperei 

VoHn.ctBr<thn«)melh 

power,  115 ;  Weslinehouse.  eowpra- 

satcLl,  316. 
Vollmelers.  allernadng,  a&7.  xjj. 


,117:  effed  on  lotque 
i  motors,  590 :  in  panl- 
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tion  motor,  601,  (530;   transformer, 

433- 
Wattmeter,  iii,  131 ;  corrections,  131 ; 

electrostatic,  124;  for  high  pressure, 
382;  for  measuring  power,  131; 
for  poly-phase  measurement,  556; 
method  of  testing  transformers,  484 ; 
Scheeffer's  recording,  672;  Thom- 
son's  recording,  673. 

Walts,  apparent,  116. 

Wave  winding,  18. 

Wavy  field  current  in  alternator,  268. 

Webster  and  Hanson  experiments  on 
rotary  field,  597. 

Weight  efficiency,  alternators,  383 ;  in- 
duction motors,  661 ;  transformers, 
500. 

Weights  of  induction  motors,  662;  of 
transformers,  500. 


Wcstinghouse  compensated  voltmeter, 
316;  induction  motor,  591,  622,  625, 
658,665;  regulator,  317  ;  transformer, 

479.  494.  504.  512. 
Winding,  alternator  armature,  15;  al- 
ternator field,  251 ;  induction  motor 
armature,  612,  638;  induction  mo- 
tor field,  614,  625,  634,  650;  trans- 
former, 465.  468.  513,  519,  529,  531, 

532. 
Working  current,  117. 

Y. 

Y  connection,  394,  550. 

Z. 

Zipernowsky  commutator,  260. 
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